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(54) Single crystal-growing method and apparatus 

(57) A process is disclosed for continuously produc- 
ing a single crystal by drawing downwardly a melt of a 
single crystal raw material, wherein a single crystal body 
grown from the melt is continuously pulled downwardly, 
and a plurality of single crystal products are continuous- 
ly formed by intermitlently cutting the single crystal body 
being downwardly moved. 
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Description 

Background of the Invention 

(1) Field of the invention 

The present invention relates to a process and an 
apparatus lor producing single crystals. 

(2) Related Art Statement 

In order to grow oxide-series single crystals, a proc- 
ess tor producing single crystal fibers by an u, pulling 
down process has recently attracted attention. "Electro- 
technical Laboratory" No. 522, pp 4-8, July, 1993 de- 
scribes the story that a single crystal fiber made of po- 
tassium lithium niobate (K 3 Li2_2x Nb 5+x°i5+x' hereinafter 
referred to as "KLN") was grown by this process. 

According to this literature, electric power is fed to 
a cell or crucible made of platinum to resislively heal a 
raw material powder. A melt drawing hole is formed in 
the bottom of the cell or crucible, a rod member called 
a melt feeder is inserted into this drawing hole so that 
both a feed amount of the melt to the melt drawing hole 
and the state of an interface between a liquid phase and 
a solid phase may be controlled. A thin KLN single crys- 
tal fiber is continuously formed, while the diameter of the 
melt drawing hole, the diameter of the feeder, the pro- 
truded length of the feeder from the drawing hole, etc. 
are controlled. According to this u pulling down process, 
the single crystal fiber having the diameter not greater 
than 1 mm can be formed, and it is easily possible to 
reduce thermal strain and to control the convection of 
the melt and the diameter of the single crystal fiber. This 
process also enables the production of a small size high 
quality single crystal suitable particularly for the blue la- 
ser device by second harmonic generation (SHG). 

Summary of the Invention 

The present inventors have repeatedly studied to 
mass-produce KLN single crystal fibers, etc. by using 
the above u. pulling down process. What is the most im- 
portant for the mass production technique are that a 
large amount of a melt is treated with an enlarged scale 
of the crucible, and that a long single crystal fiber is con- 
tinuously pulled down from this crucible. However, a 
concrete technique has not yel been known, which en- 
ables the single crystal fiber to be continuously pulled 
down with use of such a large amount of the raw mate- 
rial. 

In view of this, the present inventors carried oul the 
u. pulling down process by using an increased amount 
up to about 5 g of the raw material powder to be fed into 
the crucible, correspondingly enlarging the size of the 
crucible : and melting the raw material powder under 
heating through feeding electric power to the crucible. 

However, when the scale of the crucible was in- 



creased and the amount of the melted powder was in- 
creased, it was found extremely difficult to form the sin- 
gle crystal by drawing the melt through the drawing hole. 
More specifically, when the temperature inside a fur- 

5 nace in which the crucible was placed was set as low 
as not more than 900°C and the powder was melted in- 
side the crucible by passing electric current mainly 
through the crucible, the single crystal was not excel- 
lently grown in the vicinity of the drawing hole. That is, 

to when the electric power to be fed to the crucible was 
increased, the melt was kept melted and not crystallized 
at the drawing hole. On the other hand, when the electric 
power was decreased, the melt was so solidified in the 
vicinity of the drawing hole that the melt could not be 

*5 drawn. 

When the above furnace temperature was set be- 
yond 900°C, the entire crucible was largely heated by 
radiant heat from the furnace, so that the temperature 
gradient become extremely small in the vicinity of the 

20 drawing hole. In this case, the crystallization growth 
could not be continuously effected, either. 

In order to solve the above problem, the present in- 
ventors have developed a process for continuously 
drawing a single crystal fiber. This process will be ex- 

2B plained later. However, it was found that even this proc- 
ess still had a problem particularly from the standpoint 
of mass-producing the single crystal fiber by continu- 
ously pulling down. 

That is, it is necessary to prevent changes in the 

30 quality, particularly, in the composition of the single crys- 
tal fiber. Particularly, when a material for second har- 
monic generation or solid laser elements is to be pro- 
duced, slight change in the composition largely changes 
its characteristics to make the resulting product unac- 

35 ceptable. Therefore, it is necessary to prevent changes 
in the composition in continuously pulling down the sin- 
gle crystal fiber. 

In the conventional u pulling down process, the 
composition of the single crystal fiber has been exam- 

40 jned after growth. Indeed, the composition of the pro- 
duced single crystal fiber can be detected by cutting off 
a portion of the single crystal fiber and examining its 
composition. But, since the single crystal fiber-growing 
process based on the u pulling down process is a com- 

45 plicated, delicate, chemical and rheological system in 
which a number of various factors are correlated with 
one another, the composition of the single crystal fiber 
will often change in such a production system due to 
slight changes in the producing condition. As a result, 

so since all of the numerous single crystal fibers may be 
unacceptable, any countermeasure is indispensable 
from the standpoint of the production yield. 

It is an object of the present invention to provide a 
concrete mechanism for mass-producing an oxide-se- 

55 ries single crystal by continuously pulling down based 
on the u pulling down process. 

It is another object of the present invention to enable 
the production of an oxide-series single crystal having 
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a good quality by continuously pulling down based on 
the u pulling down process, even if the size of the cru- 
cible is increased or the amount of the raw material is 
increased. 

It is a further object of the present invention to en- 
able the mass-production of an oxide-series single crys- 
tal by pulling down based on the u pulling down process, 
through continuously treating a large amount of the raw 
material. 

It is a still further object of the present invention to 
enable the production of an oxide-series single crystal 
by continuously pulling down based on the u. pulling 
down process, while by real-time detecting changes in 
the composition of the oxide-series single crystal, 
changes in the composition of the oxide-series single 
crystal are prevented and the yield thereof is largely in- 
creased. 

A first aspect of the present invention relates to a 
process for continuously producing a single crystal by 
drawing down a melt of a single crystal raw material, 
wherein a single crystal body grown from the melt is con- 
tinuously moved downwardly, and a plurality of single 
crystal products are continuously formed by intermit- 
tently cutting the single crystal body being downwardly 
moved. 

The first aspect of the present invention also relates 
to a single crystal product-producing apparatus which 
includes a single crystal-growing device in which a melt 
of a single crystal raw material is placed and a single 
crystal body is grown by drawing downwardly the melt, 
a moving device for continuously moving downwardly 
the grown single crystal body, and a cutter for intermit- 
tently cutting the single crystal body being downwardly 
moved to continuously produce a plurality of single crys- 
tal products. 

The present inventors have found out that the single 
crystal products having uniform composition and char- 
acteristics as well as a uniform shape can be obtained 
by continuously pulling downwardly the single crystal 
body and intermittently cutting the single crystal body at 
a given downstream location under the pulling down 
step. The present invention has been accomplished 
based on this finding. More specifically, it was found out 
that the process for continuously producing a plurality 
of the single crystal products by continuously pulling 
downwardly the grown single crystal body and intermit- 
tently cutting the single crystal body being moved is a 
process for industrially and stably mass-producing a 
number of the single crystal products having a given 
shape. 

The above moving device preferably includes a pair 
of rotary bodies for sandwitchingthe single crystal body 
therebetween, and a driving device for rotating the ro- 
tary bodies, wherein the single crystal body is continu- 
ously downwardly moved by rotating the rotary bodies 
such that the single crystal body is sandwitched be- 
tween the pair of the rotary bodies. According to this em- 
bodiment, an installation space for the moving device 



can be reduced. Further, since a pressure can be stably 
applied upon the single crystal body even with the lapse 
of time, there is no fear that the crystaflinity of the single 
crystal body is deteriorated upon application ol a large 
5 stress upon a part of the single crystal. This construction 
is particularly suitable for pulling down the single crystal 
fiber. 

In the above embodiment, if the temperature of the 
single crystal body is high, particularly, beyond 200°C, 
io the single crystal body may be adversely affected de- 
pending upon the material constituting the rotary bodies. 
Therefore, it is preferable that the rotary bodies are 
made of a heat-resistive material such as Teflon. Fur- 
ther, if a seed crystal is pulled downwardly by the above 

75 rotary bodies and then the single crystal body is contin- 
uously pulled down, it is difficult to smoothly move a por- 
tion of the single crystal body in the vicinity of a interface 
between the seed crystal and the single crystal body be- 
cause the dimension of the seed crystal differs from that 

20 of the single crystal body. Therefore, il is preferable to 
pull downwardly the seed crystal by another pulling 
down mechanism exclusively for the seed crystal. 

Further, in a preferable embodiment the single crys- 
tal-moving device includes a plurality of holders for 

25 grasping the single crystal body, and a driving device for 
vertically moving the holders, wherein the single crystal 
body is grasped by one holder and this holder is down- 
wardly moved such that the single crystal body is 
grasped by this holder, the single crystal body is then 

30 grasped by the other holder and this other holder is 
downwardly moved such that the single crystal body is 
then grasped by the other holder, and these steps are 
repeated to downwardly move the single crystal body. 
According to this construction, even if the dimension and 

35 the shape of the single crystal body are changed vari- 
ously, such changes can be easily be coped with by ad- 
justing a pair of chucks of each of the holders. 

However, in the above embodiment, it may be 
feared that the single crystal body is vibrated or its cen- 

40 tral axis is deviated due to stress applied upon the single 
crystal body at the moment the single crystal body is 
grasped by the chucks of the holder. In order to prevent 
this, it is effective to simultaneously grasp the single 
crystal at plural sites. Further, if the single crystal body 

45 rs grasped by a pair of the chucks such that the center 
between a pair of the chucks is not coincident with that 
of the single crystal body, it may be feared that the crys- 
lallinily of the single cryslal body is delerioraled due to 
stress applied upon the single crystal body from either 

50 one of the chucks. In order to prevent this, the chucks 
are preferably made detachable so that the fitted loca- 
tion of each of the chucks may be changed or adjusted 
to make the center of a pair of the chucks coincident 
with the center of the single crystal body. 

55 Furthermore, according to the present invention, it 
is necessary to provide the pulling device for pulling 
downwardly the single crystal body. Although a method 
may be considered that the single crystal body is down- 
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wardly led by the self weight of the melt inside the cru- 
cible, the cryslallinity of the single crystal will be deteri- 
orated by such a method. 

In a preferred embodiment, the cutter cuts the sin- 
gle crystal body by fusing through heat-generating a 
heating wire. This is a method to locally fuse the single 
crystal body by instantaneously raising the temperature 
of the heater arranged near around an intended portion 
of the single crystal body. This method hardly applies 
stress upon the single crystal body with no fear of ad- 
versely affecting the crystallinity of the single crystal 
body 

Further, in a preferable embodiment, a cutter for 
cutting the single crystal body by fusing it through irra- 
diating a laser beam upon the single crystal body This 
method scarcely exerts mechanical forces upon the sin- 
gle crystal and does not cause deterioration of the crys- 
tallinity. Further such a cutter can be easily set relative 
to the single crystal body. As the laser, carbon dioxide 
laser may be prelerably used. 

In addition, in a preferred embodiment, the cutter 
cuts the single crystal body by mechanically destructing 
a given portion thereof through pressing a cutting mem- 
ber against the single crystal body. For this purpose, in 
order to reduce mechanical stress applied to the single 
crystal body, it is preferable to use a shearing member 
or scissors each having a distal end of a reduced cross- 
sectional area. 

Furthermore, in a preferred embodiment, the single 
crystal-producing apparatus includes a feeder for auto- 
matically supplementing a fresh single crystal raw ma- 
terial into the melt inside the crucible. In this case, the 
single crystal raw material can be continuously supple- 
mented in the crucible at a given feed rate. Further, a 
given amount of the single crystal raw material can be 
intermittently fed into the crucible every given interval. 

The single crystal raw material can be fed according 
to a given program. The single crystal-producing appa- 
ratus preferably includes a device for measuring the lev- 
el of the melt in the crucible, and a controller for main- 
taining the level of the melt in the crucible at a constant 
height by controlling the feed rate of the single crystal 
raw material based on a signal from the measuring de- 
vice. Although the growing state of the single crystal 
body changes variously, the thermodynamic condition 
in the vicinity of the single crystal drawing hole can be 
kept constant so that the crystallinity and the composi- 
tion of the single crystal body may be kept constant. 

For this purpose, when a thermocouple is arranged 
as the measuring device in the vicinity of the surface of 
the melt inside the crucible, the temperature detected 
by the thermocouple decreases as the surface of the 
melt lowers. The controller receives a corresponding 
signal from the thermocouple, and outputs an order to 
the raw material feeder so that a fresh single crystal raw 
material may be fed in the crucible. In this embodiment, 
if the raw material is fed by a batch system, the crystal- 
linity may be adversely affected due to reduction in the 



temperature of the melt at the moment the raw material 
is fed. Therefore, it is preferable that while the temper- 
ature in the vicinity of the melt is continuously detected 
by the thermocouple, the raw material is continuously 
5 fed at a given rate, and when reduction in the tempera- 
ture is detected by the thermocouple, a small amount of 
the raw material is fed. By so doing, the amount of the 
raw material to be fed by the batch system can be re- 
duced. 

io The thermocouple is particularly preferred if the 
temperature of the melt is higher beyond 800°C. 

If the temperature of the melt inside the crucible is 
relatively low, a temperature sensor or an optical sensor 
for detecting the surface of the melt by a light beam may 

is be arranged inside the furnace. However, if the melt ex- 
ceeds 800°C : it may be that such a sensor is placed in 
a sensor cover, and a cooling medium may be flown in- 
side the sensor cover. 

In a preferred embodiment: the single crystal-pro- 

20 ducing apparatus according to the present invention in- 
cludes a device for measuring changes in the weight of 
the melt, and a controller for controlling the feed rate of 
the single crystal raw material based on a signal from 
the measuring device so that the weight of the melt in 

25 the crucible may be kept in a given range. By so doing, 
the crystallinity of the single crystal body can be kept 
constant similarly as in the above case. 

The single crystal-producing apparatus according 
to the present invention preferably includes an observ- 

30 jng device (or a shape measuring device) for observing 
the shape of the single crystal body, and a shape con- 
troller for controlling the shape of the single crystal body 
based on the information from the observing device. By 
so doing, if the shape of the single crystal body changes 

35 during the automatic mass-production of the single crys- 
tal products, such changes can be corrected. More spe- 
cifically, if the dimension of the single crystal body in- 
creases, such a dimensional change amount is detect- 
ed, and a signal corresponding to this change amount 

40 js fed to the controller. The controller may output a tem- 
perature control signal to the heater inside the furnace 
so that the dimension of the single crystal body may be 
slightly reduced by sending a signal from the controller 
to the heater to make the heater to slightly raise the tem- 

45 perature. If the heater receives a signal from the con- 
troller to slightly lower the temperature, the dimension 
of the single crystal body can be slightly increased. 

The shape measuring device may be a device for 
monitoring the outer shape of the single crystal body 

50 through taking a view of this outer shape with a CCD 
camera. However, since this device cannot detect an 
absolute actual dimension of the single crystal body, it 
is preferable to sot a standard scale nearthc single crys- 
tal body. Further, the view of the single crystal body may 

55 be dark, it is preferable to set an illuminating device near 
the single crystal body. 

In addition, the dimension of the single crystal body 
may be measured by irradiating a laser beam upon the 
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single crystal body. In this case, it is necessary that the 
temperature in the vicinity of the laser beam source is 
lowered by setting the laser beam source away from the 
furnace body. If the laser beam is irradiated upon the 
single crystal body from one direction only the dimen- 
sion can be measured only from this one direction so 
that the entire shape thereof cannot be measured. 
Therefore, preferably the dimension of the single crystal 
body is measured by irradiating the laser beams from at 
least two crossing directions. 

Further, if a line sensor is used, its viewing image 
is unfavorably dark. In this case, it is also preferable to 
set an illuminating device lor the single crystal body 

In a preferred embodiment, the single crystal-pro- 
ducing apparatus includes an observing device for ob- 
serving the material quality of the single crystal body, 
and a quality controller for controlling the material quality 
of the single crystal body based on information from the 
observing device. By so doing, the single crystal prod- 
ucts having uniform cryslallinity can be mass-produced. 
In this embodiment, it is preferable that a laser beam is 
irradiated upon the single crystal body being pulled 
down, an outputted light beam from the oxide-series sin- 
gle crystal body is measured, and the proportion ratio of 
components in the composition of the single crystal raw 
material to be fed to the crucible is controlled based on 
the rneasuremental result so that change in the compo- 
sition of the raw material may be prevented even in the 
case of continuously pulling down a single crystal fiber. 

More specifically, if the peak wavelength of a gen- 
erated light beam from the oxide-series single crystal 
shifts to a shorter wavelength side, this means that the 
composition of the single crystal deviates from a target 
one. Therefore, the proportion ratio of components in 
the composition of the raw material is changed so that 
the shifting of the peak wavelength may be reduced. By 
so doing, while the single crystal fiber or the like is being 
drawn, its composition can be maintained in a given 
range. It is more preferable that half wavelength light 
beams are detected through irradiating a laser beam on 
an oxide-series single crystal having a SHG effect. 

Further, in a preferred embodiment, the invention 
apparatus includes a transfer device for automatically 
arraying and transferring the cut single crystal bodies. 
This is preferable from the standpoint of the mass-pro- 
duction, because the arrayed single crystal products 
can be automatically transferred to a succeeding step. 
Particularly, when the single crystal fiber product is used 
as an SHG element, the above embodiment is extreme- 
ly preferable, because such single crystal liber products 
are transferred to a succeeding assembling step as they 
are arrayed. 

Further, according to a preferred embodiment, a 
plurality of single crystal drawing holes are provided in 
the single crystal growing device so that single crystal 
bodies may be simultaneously pulled down through said 
plural single crystal drawing holes, respectively. 

As single crystals to which the present invention can 



be applied, oxide-series single crystals and non-oxide 
series single crystals may be recited. Particularly, the 
oxide-series single crystals are preferred. As such ox- 
ide-series single crystals, known oxide-series single 

5 crystals may be recited, and particularly oxide-series 
single crystals for blue laser device by SHG, such as 
KLN, KLTN and KN (KNb0 3 ) as well as oxide-series sin- 
gle crystals for ultraviolet laser device, such as CLBO 
(CS0.5U0.5B3O5): BBO (p-BaB 2 0 4 ) and LBO (UB 3 0 5 ) 

to are preferred. Further, later described oxide-series sin- 
gle crystals in a state of solid solution are preferred. 

Next, a preferred growing device used in the 
present invention will be explained. The present inven- 
tors have made studies on how to enlarge the crucible 

is so as to establish the oxide-series single crystal mass- 
production technique based on u pulling down process. 
During the process of these studies, the inventors have 
tried to enlarge the crucible, provide a nozzle portion 
extending downwardly from the crucible, providing a sin- 

20 gle crystal-growing section at the lower end of the nozzle 
portion, and independently control the respective tem- 
peratures of the crucible and the single crystal -growing 
section. 

As a result, it was discovered leading to the present 

25 invention that even if a large amount such as not less 
than 5 g of the powdery raw material to be melted in the 
crucible is used and the volume of the crucible is corre- 
spondingly increased, the oxide-series single crystal 
body can be easily continuously pulled down. 

30 The reason why the above function and effect are 

obtained is probably that the provision of the single crys- 
tal-growing section at the lower end of the nozzle portion 
makes the single crystal-growing seclion difficult to be 
directly influenced by the heat generated by the melt in 

35 the crucible, and the temperature gradient in the vicinity 
of the single crystal -growing section can be made great- 
er by simultaneously and independently controlling the 
temperatures of the single crystal -growing section, the 
end of nozzle portion, and the crucible. 

40 in addition, the inventors have found out that ac- 
cording to the above technique, even if the amount of 
the powdery raw material to be melted in the crucible is 
increased up to around 30-50 g, changes in the compo- 
sition in the case of KLN single crystal fiber products is 

45 suppressed to a surprisingly high accuracy with chang- 
es of not more than 0.01 mol%. Therefore, the oxide- 
series single crystal having an extremely high accuracy 
composition can be mass-produced by incorporating 
the above technique into the present invention. 

so Further, the present inventors have studied the 

state of the melt in the single crystal-growing section as 
well as the physical properties of the single crystal by 
using the above producing apparatus. As a result, it was 
discovered that if the surface tension is more dominant 

55 than the gravity in the environment of the single crystal- 
growing sectioa the oxide-series single crystal body 
having a very small change in composition can be ex- 
cellently pulled down continuously. It is considered that 
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a good solid phase/liquid phase interface (meniscus) is 
formed by so doing. 

In order to produce the condition that the surface 
tension is more dominant than the gravity in the envi- 
ronment of the single crystal-growing section, it is effec- s 
tive to provide, inside the crucible, a mechanism for re- 
ducing the gravity acting on the melt in the nozzle. The 
inventors have investigated such a mechanism and 
found out that the condition that the surface tension is 
more dominant than the gravity acting on the melt can 10 
be realized particularly by setting the inner diameter of 
the nozzle portion to not more than 0.5 mm so that a 
uniform meniscus can be formed at the distal end open- 
ing of the nozzle portion. 

In this case, if the inner diameter of the nozzle por- is 
tion is less than 0.01 mm, the growing speed of the sin- 
gle crystal becomes too small. Therefore, the inner di- 
ameter of the nozzle portion is preferably not less than 
0.01 mm from the viewpoint of mass production. The 
optimum inner diameter of the nozzle portion is prefer- 20 
ably set in a range of 0.01 to 0.5 mm from the stand point 
of the mass production which may slightly change de- 
pending on the viscosity, the surface tension, and the 
specific gravity of the melt, the growing speed of the sin- 
gle crystal, etc. 25 

Further, the present inventors have studied the 
above point, and obtained the following finding. That is, 
it was considered that the single crystal fiber could be 
continuously pulled down in the conventional u pulling 
down process since the scale of the crucible was small 30 
It can be presumed that since the amount of the melt in 
the crucible was small, the melt was attached to the sur- 
face of the wall of the crucible due to its surface tension, 
and therefore the gravity acting on the drawing hole was 
relatively smaller, a somewhat uniform solid phase/liq- 35 
uid phase interface was formed. However, it is pre- 
sumed that as the dimension of the crucible was in- 
creased, the condition that the surface tension was 
more dominant in the vicinity of the drawing hole was 
disappeared. 40 

In the above process, the temperature gradient can 
be easily made larger in the vicinity of the single crystal- 
growing section as viewed in the longitudinal direction 
of the nozzle portion. Owing to this, the melt flowed 
down through the nozzle portion can be rapidly cooled. 45 

Therefore, this producing process is suitable partic- 
ularly for the production of the single crystal of a solid 
solution slale. The single crystal of a solid solulion slate 
has the property that the proportion ratio in the compo- 
sition changes under an equilibrium condition. When the so 
conventional u pulling down process is used, the equi- 
librium condition exists in the vicinity of the drawing hole, 
and the composition of the solid solution is changed de- 
pending on changes in the temperature or change in the 
solidifying rate. This is considered to be caused by the ss 
above change in the proportion ratio in the composition. 
To the contrary, according to 1he invention process and 
apparatus, since the single crystal can be rapidly cooled 



in the vicinity of the single crystal-growing section, the 
composition of the melt can be maintained. 

As the solid solution, for example, KLN, KLTN 
[K 3 Li 2 . 2x (Ta y Nb 1 . y ) 5fX ] 0 15hx and Ba-^S^N^Oe, which 
have tungsten-bronze structre, and Mn-Zn ferrite may 
be recited. 

When the raw material is fed into the crucible and 
melted therein, the thermal condition inside the crucible 
changes due to heat of dissolution of the raw material, 
so that the composition of the single crystal changes. 
However, if the nozzle portion is provided belowthe cru- 
cible as mentioned before, the raw material can be con- 
tinuously or intermittently fed in the crucible. For, even 
if the thermal change occur inside the crucible, thermal 
influence upon the single crystal-growing section is 
small. Since the single crystal is not in an equilibrium 
state at the single crystal-growing section but in a kinet- 
ics state, the single crystal-growing section is further 
hardly influenced by the thermal changes. 

The producing apparatus according to the present 
invention is not limited to any particular heating means 
for the crucible. However, it is preferable to provide a 
heating furnace as surrounding the crucible. In this 
case, it is preferable that the heating furnace is divided 
into an upper furnace portion and a lower furnace por- 
tion, and the crucible is surrounded by the upperfurnace 
portion, and the upper furnace portion may be heated 
at a higher temperature to assist the melting of the pow- 
der inside crucible. On the other hand, it is preferable 
that the lower furnace portion is arranged to surround 
the nozzle portion, and the temperature of the lower fur- 
nace portion is set lower so that the temperature gradi- 
ent in the single crystal-growing section at the lower end 
of the nozzle portion may be greater. 

Further, in order to improve the efficiency of melting 
the powder inside the crucible, it is preferable that the 
crucible itself is made of an electrically conductive ma- 
terial, and is caused to generate heat through applying 
electric power thereto rather than heating the crucible 
by using only the heating furnace outside the crucible. 
Further, in order to keep the molten state of the melt 
flowing the nozzle portion, preferably the nozzle is made 
of a conductive material and caused to generate heat 
through applying electric power to the nozzle portion. 

In order to make larger the temperature gradient 
particularly in the single crystal-growing section, it is 
preferable that a current-passing mechanism for the 
crucible and that for the nozzle portion are separately 
provided, and can be independently controlled. 

As the above conductive material, materials such 
as platinum, platinum-gold alloys, platinum-rhodium al- 
loys, platinum-iridium alloys, and iridium are preferred. 

The present invention can excellently be applied to 
not only the production ol the single crystal fiber prod- 
ucts but also the production of the planar shaped single 
crystal products. A specific process for the formation of 
such a planar shaped single crystals will be explained 
later. 
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The KLN single crystal has recently attracted atten- 
tion as one of optical materials, and particularly the KLN 
single crystal has recently attracted attention as a single 
crystal for a blue laser device by second harmonic gen- 
eration (SHG) element. Since the KLN single crystal can 
generate a light beam in an ultraviolet ray area of down 
to 390 mn, such a single crystal can find wide applica- 
tions in optical disc memory, medical use, photochemi- 
cal use, various optical measurements, etc. by utilizing 
the short wavelength light beam as mentioned above. 
Further, since the KLN single crystal has a large electro- 
optic effect, it can be applied to an optical memory ele- 
ment utilizing a photorefractive effect thereof. 

According to the oxide-series single crystal produc- 
ing process according to the second aspect of the 
present invention, the raw material for the oxide-series 
single crystal is melted in the crucible, a seed crystal is 
brought into contact with the melt, and the oxide-series 
single crystal body is grown, while drawing the melt 
downwardly. This process is carried oul by using the 
producing apparatus including the crucible, the nozzle 
portion extending downwardly from the crucible, and the 
downwardly directed single crystal-growing section at 
the distal end of the nozzle portion, wherein the temper- 
ature of the crucible and that of the single crystal-grow- 
ing section are independently controlled. 

Further, the oxide-series single crystal producing 
apparatus according to the second aspect of the present 
invention is adapted to melt the oxide-series single crys- 
tal raw material in the crucible, bringing a seed crystal 
into contact with the melt, and growing the oxide-series 
single crystal, while drawing the melt downwardly. This 
apparatus includes the crucible, the nozzle portion ex- 
tending downwardly from the crucible, the single crystal- 
growing section provided at the lower end of the nozzle 
portion, and the mechanism for independently control- 
ling the temperature of the crucible and that of the single 
crystal-growing section. 

When the drawing hole is provided in the bottom of 
the crucible as in the conventional apparatus and the 
melt is directly drawn through the drawing hole, it is con- 
sidered that a good solid phase/liquid phase interface 
could not be formed in the vicinity of the drawing hole 
due to thermal influence ol the crucible and the melt in 
the crucible in the vicinity of the drawing opening. 

In addition, the present invention is not limited solely 
to the melting of a large amount of the powder and the 
continuous pulling down of the single crystal body 
through the lower end of the nozzle portion. The present 
inventors continuously pulled down a KLN single crystal 
fiber by using a conventional single crystal-producing 
apparatus, while the amount of the powder inside the 
crucible was suppressed to 300 to 500 mg then precise- 
ly measured the composition of the fiber. As a result, it 
was discovered that the composition changed in a range 
of about 1 .0 mol%. 

Surprisingly high accuracy can be realized by the 
producing process and apparatus according to the sec- 



ond aspect of the prevent invention from the stand point 
of the improved homogeneity of the composition of the 
single crystal as compared with the conventional pulling 
down process. 

s Further, for the above-mentioned reason, an oxide 

series single crystal having a segregation composition 
can be produced. For example, when neodymium is 
added or substituted in LiNb0 3 , neodymium only in an 
amount smaller than that in the composition of the melt 
io enters the single crystal because the segregation coef- 
ficient of neodium is not 1 .0. For example, even if about 
1.0 mol% of neodymium is contained in the melt, only 
about 0.3 mol% of neodymium can be substituted in the 
single crystal. However, according to the present inven- 
ts tion, the single crystal having the same composition as 
that of the melt can be produced by rapidly cooling the 
melt inside the nozzle portion as mentioned above, with- 
out segregation. This can be also applied to other laser 
single crystals such as YAG (Y 3 Fe 5 0 12 ) partially substi- 
20 tuled by Nd, Er and/or Yb, and YV0 4 partially substitut- 
ed by Nd, Er and/or Yb. 

The present inventors has proceeded their investi- 
gations, and obtained the following finding. That is, noz- 
zle portions having various inner diameters were pro- 
2S duccd by platinum, and single crystals made of KLN, 
etc. were actually experimentally grown. As a result, 
when an amount of the melt inside the crucible was 
large, the melt dripped from a distal end face of the noz- 
zle portion, and consequently it was difficult to grow a 
30 fiber or the like in some cases. For example, when the 
surface level of the melt measured from the bottom of 
the crucible was set at not less than 30 mm or not less 
than 50 mm, the melt dripped from the distal end face 
of the nozzle portion even when the inner diameter of 
35 the nozzle portion was reduced to 0.2 - 0.5 mm. 

In order that although the amount of the raw mate- 
rial received in the crucible is particularly increased like 
this, the oxide-series single crystal may be stably mass- 
produced, a nozzle portion is provided at a side face of 
40 the crucible, and a part of the nozzle portion is laid above 
a joined portion between the crucible and the nozzle por- 
tion. In order to most stably pull down the oxide-series 
single crystal, the height of the distal end face of the 
nozzle portion is made different from the height of the 
45 upper surface of the melt by a given value in the above 
construction. 

How to make the height of the distal end face of the 
nozzle portion different from that of the upper surface of 
the melt so as to obtain an optimum growing condition 
so depends upon numerous factors such as the physical 
properties (viscosity, melting point, etc.) of the single 
crystal, the structure of the furnace body (temperature 
distribution, etc.), the structure of the crucible (the shape 
of the melting section (the section for melting the raw 
ss material) of the crucible, and the shape of the nozzle 
portion), the growing temperature, the temperature gra- 
dient of the single crystal-growing section, etc. However, 
if the above difference is increased, the growing speed 
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becomes greater, whereas if the difference is de- 
creased, the melt at the distal end face of the nozzle 
portion is less influenced by the gravity acting upon this 
melt so that the melt may be difficult to drip. For this rea- 
son, if the height of the nozzle portion is taken as "zero 
mm", it is preferable to set the surface level of the melt 
inside the crucible to not less than -10 mm but not more 
than 50 mm. If the surface level of the melt inside the 
crucible is set to not more than 50 mm, the above-men- 
tioned growing state can be more easily controlled. On 
the other hand, even if the distal end face of the nozzle 
is located higher than the upper surface of the melt in 
the crucible but by not more than 10 mm, the melt is 
continuously fed to the nozzle portion due to the capil- 
lary phenomenon inside the nozzle. The distal end face 
of the nozzle portion can be set to a location lower than 
a bottom surface of the melt inside the crucible. 

In the above embodiment, the invention apparatus 
may further include a heat-insulating wall for adiabati- 
cally separating a melting furnace in which the crucible 
is placed from a growing furnace in which the single 
crystal-growing section is placed, wherein the nozzle 
portion is inserted through a through-hole provided in 
the heat-insulating wall. By so doing, the melt can be 
obtained inside the crucible by heating at a sufficiently 
high temperature, whereas temperature difference be- 
tween the single crystal-growing section and the melt in 
the crucible can arbitrarily be controlled so that the melt 
flowing through the nozzle portion maybe rapidly cooled 
in the single crystal-growing section. 

The producing apparatus according to the second 
aspect of the present invention is not limited to any par- 
ticular heating means for the crucible. However, it is 
preferable to provide a heating furnace as surrounding 
the crucible. In the case that the nozzle portion is ex- 
tended downwardly below the crucible, it is preferable 
that the heating furnace is divided into an upper furnace 
portion and a lower furnace portion, and the crucible is 
surrounded by the upper furnace portion so that the up- 
per furnace portion may be heated to a higher temper- 
ature to assist melting of the powder in the crucible. On 
the other hand, it is preferable that the lower furnace 
portion is arranged to surround the nozzle portion, and 
the temperature of the lower furnace portion is set lower 
so that the temperature gradient in the single crystal- 
growing section at the lower end ot the nozzle portion 
may be greater. 

Furlher, in order to improve the efMciency of melting 
the powder inside the crucible, preferably the crucible 
itself is made of a conductive material, and is caused to 
generate heat through applying electric power thereto, 
rather than heating the crucible by using only the heating 
furnace outside the crucible. Further, in order to keep 
the molten state of the melt flowing through the nozzle 
portion, preferably the nozzle is made of a conductive 
material, and caused to generate heat through applying 
the electric power thereto. The respective temperatures 
of the nozzle portion and the crucible portion may be 



controlled by heating with radio frequency waves. 

In order to make larger the temperature gradient 
particularly in the single crystal-growing section, prefer- 
ably a current-passing mechanism for the crucible and 
5 that for the nozzle portion are separately provided, and 
can be independently controlled. 

As the above conductive material, materials such 
as platinum, platinum-gold alloys, platinum-rhodium al- 
loys, platinum-iridium alloys, and iridium are preferred. 
10 Since the corrosion-resistant metals such as plati- 
num all have relatively small resistivities, the resistance 
of the nozzle portion needs to be increased to some de- 
gree by decreasing the thickness of the nozzle portion 
so that the nozzle portion may effectively be heat-gen- 
15 erated. For example, when the nozzle portion was made 
of platinum, it needed to be formed by a thin film of about 
100-200 jam. However, if the nozzle portion is formed by 
such a thin film, it is structurally weak, so that stable pro- 
duction of the single crystal body may be difficult due to 
20 deformation of the nozzle portion in some case. 

Under the circumstances, the nozzle portion may 
be surrounded by a heat-generating resistive member, 
which can be caused to generate heat through feeding 
electric power thereto. In this case, the nozzle portion 
25 may be made of the above corrosion-resistant metal, 
and this metal is also caused to generate heat through 
feeding electric power thereto. In this case, no electric 
power may be applied to the nozzle portion. In the above 
case, a principal heating function may be given to the 
30 heat-generating resistive member surrounding the noz- 
zle portion, so that a heat-generating load required for 
the nozzle portion becomes smaller. Since the nozzle 
portion may not necessarily be caused to generate heat, 
the mechanical strength of the nozzle portion can be en- 
3S hanced by thickening the nozzle portion (for example, 
to not less than 300 urn), which makes the apparatus 
more suitable for the mass-production. 

According to the producing apparatus of the second 
aspect of the present invention, the raw material can be 
to continuously or intermittently fed into the crucible. For, 
if the raw material is supplied in the crucible, the state 
thermally changes inside the crucible due to the heat of 
the dissolution of the raw material, and the composition 
of the single crystal correspondingly changes. However, 
4$ according to the invention producing apparatus, even if 
such thermal change occurred inside the crucible, the 
single crystal-growing section is less thermally influ- 
enced. Further, since the single crystal-growing section 
is not in an equilibrium state but in a kinetics state, the 
50 growing section is still less thermally influenced. 

The second aspect of the present invention can be 
excellently applied to not only to the production of the 
single crystal fiber products but also the planar single 
crystal products. A concrete process of producing such 
55 planar single crystal products will be explained later 

The oxide-series single crystal producing process 
according to the third aspect of the present invention 
includes the steps of melting an oxide-series single crys- 
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tal raw material in a melting crucible, continuously feed- 
ing the melted raw material to a single crystal-growing 
crucible having a volume smaller than that of the melting 
crucible (the crucible for melting the raw material) 
through an opening of the melting crucible, contacting 
a seed crystal with the melt at a drawing hole of the sin- 
gle crystal-growing crucible (the crucible for growing the 
single crystal), and growing the oxide-series single crys- 
tal body while drawing down the melt through the draw- 
ing hole. 

The third aspect of the present invention also re- 
lates to the producing apparatus for contacting the seed 
crystal with the melt at the drawing hole of the crucible 
and growing the oxide-series single crystal, while draw- 
ing down this melt through the drawing hole, and the 
apparatus includes the melting crucible for melting the 
oxide-series single crystal raw material and having the 
opening, the single crystal-growing crucible having the 
volume smaller than that of the melting crucible and pro- 
vided with Ihe drawing opening, wherein the raw mate- 
rial melted in the melting crucible is continuously fed to 
the single crystal-growing crucible through the opening 
of the melting crucible, the seed crystal is contacted with 
the melt at a drawing hole of the single crystal-growing 
crucible, and the oxide-series single crystal body is 
grown while pulling down the melt through the drawing 
hole. 

The present inventors have continued studies to en- 
large the crucible so as to establish the oxide-series sin- 
gle crystal mass-production technique based on the u 
pulling down process. However, it was revealed that 
since the enlargement of the crucible made it impossible 
to draw the single crystal fiber through the drawing hole, 
it was difficult to find a solution tor the above enlarge- 
ment problem. Having investigated causes therefor, the 
inventors found that if a system in which the drawing 
hole was provided in the bottom of the crucible and the 
melt was directly drawn through the drawing hole was 
employed and the heat capacity of the crucible and the 
melt increased beyond a given level, a good solid phase/ 
liquid phase interface could not be formed in the vicinity 
of the drawing hole by the thermal influence of the cru- 
cible and the melt upon the vicinity of the drawing hole. 

Irrespective ol the above finding, the inventors have 
looked for any process of continuously treating a large 
amount of the raw material for continuously pulling the 
single crystal fiber. During the process of the investiga- 
tion, Ihe inventors have found a technique lhal the single 
crystal-growing crucible having the volume smaller than 
that of the melting crucible is separately provided from 
this melting crucible, the single crystal raw material is 
melted in the melting crucible, the melted raw material 
is continuously fed to the single crystal-growing crucible 
through the opening of the melting crucible, a single 
crystal is contacted with the melt at the drawing opening 
of the single crystal-growing crucible, and the oxide-se- 
ries single crystal is grown while drawing the melt down- 
wardly. 



As a result, the inventors found a finding leading to 
the third aspect of the present invention, that even if the 
amounl of the powdery raw material to be melted in the 
melting crucible was increased to not less than 5 g and 

s the volume of the melting crucible was correspondingly 
increased, the oxide-series single crystal could be easily 
continuously pulled down. 

In addition, the third aspect of the present invention 
is not merely limited to the advantage that the single 

10 crystal fiber can be continuously pulled down through 
melting a large amount of the powder. The present in- 
ventors continuously pulled down a KLN single crystal 
fiber by using the conventional single crystal producing 
apparatus, while the amount of the powdery raw mate- 
's rial in the crucible was suppressed to around 300 - 500 
mg. The precise measurement of the composition of the 
thus obtained single crystal fiber revealed that the com- 
position varied within about 1.0 mol%. 

To the contrary, according to the third aspect of the 

20 present invention, even if the amount of the powdery raw 
material to be melted in the crucible was increased to 
around 30 - 50 g and the melt was continuously fed to 
the single crystal-growing crucible such that the amount 
of the melt in the growing crucible may reach around 

25 300 - 500 mg, changes in the composition in the case 
of KLN single crystal fiber products were suppressed to 
lower values of indeed not more than 0.01 mol% show- 
ing a surprisingly high accuracy. Thus ; according to the 
producing process and apparatus of the third aspect of 

30 the present invention, surprisingly high accuracy can be 
realized in that the homogeneity of the composition of 
the single crystal is improved, as compared with the con- 
ventional u pulling down process. 

The reason for the above is not clear. However, ac- 

35 cording to the conventional producing apparatus based 
on the u pulling down process, the powdery raw material 
was fed and melted in the crucible, and the single crystal 
fiber was pulled down through the drawing hole of the 
crucible. Therefore, the temperature of the melting cru- 

40 cible and that of the melt therein have to be kept high 
so that the melt might not be solidified in the vicinity of 
the drawing hole, and therefore it was difficult to main- 
tain the temperature condition and the temperature gra- 
dient such that the solid crystal might be solidified at a 

45 single crystal-growing point in the vicinity of the drawing 
hole. From this reason, it is considered that even if a 
single crystal fiber could happened to be pulled down 
under a certain condilion, the composition thereof una- 
voidably suffered changes. 

so To the contrary, according to the third aspect of the 
present invention, since the raw material was melted in 
the melting crucible and then the melt is fed from the 
melting crucible to the single crystal-growing crucible, 
the single crystal-growing crucible is not thermally inf lu- 

55 enced by the high temperature of the melting crucible. 
Therefore, the temperature condition in the vicinity of 
the drawing hole of the single crystal-growing crucible 
can be independently set separately from that of the 
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melting crucible. As a result, good single crystal body 
can be drawn out by setting a greater temperature gra- 
dient at the single crystal-growing point in the vicinity of 
the drawing hole of the single crystal -growing crucible. 

For that purpose, it is preferable to independently 5 
heat the melting crucible and the single crystal-growing 
crucible by separate heating mechanisms. Further, it is 
preferable to largely separate the melting crucible from 
the single crystal-growing crucible. For this, it is prefer- 
able that a nozzle portion is extended downwardly from to 
the bottom of the melting crucible, the raw material melt- 
ed in the melting crucible is continuously fed to the single 
crystal-growing crucible through the nozzle portion. 

In the third aspect of the present invention, the raw 
material is melted in the melting crucible, and the melt is 
is continuously fed to the single crystal-growing crucible. 
It is preferable that the raw material is kept melted when 
the raw material from the melting crucible is brought into 
contact with the melt in the single crystal-growing cruci- 
ble. However, the melt may be solidified after it is dis- 20 
charged through the opening of the melting crucible. In 
this case, it is preferable that the solidified material in 
the vicinity of the opening is continuously pulled down- 
wardly or the material solidified in the vicinity of the 
opening is melted instantaneously after it is contacted 2s 
with the melt in the single crystal-growing crucible so 
that the solidified raw material might not clog the open- 
ing. 

On the other hand, the present inventors have stud- 
ied the relationship between the state of the melt in the 30 
single crystal-growing crucible and the physical proper- 
ties of the single crystal, by using the above producing 
apparatus. As a result, the inventors have discovered 
that if the surface tension is more dominant than the 
gravity in the environment of the single crystal-growing 35 
section, the good single crystal having extremely small 
changes in composition can be continuously pulled 
down. The reason therefor is considered that a good sol- 
id phase/liquid phase interface can be formed in this 
case. 40 

Further, the present inventors have made research- 
es on the above reason to find out the following finding. 
That is, it is considered that since the scale of the cru- 
cible in the conventional \i pulling down process was 
small, the single crystal fiber could be continuously 45 
pulled down. This is considered since the amount of the 
melt inside the crucible was small, the melt was adhered 
to the surface of the inner wall of the crucible through 
its surface tension to make the gravity acting on the 
drawing opening relatively small, and a solid phase/liq- so 
uid phase interface which was homogeneous to some 
extent could be formed. However, it is considered that 
if the dimension of the crucible is increased, such con- 
dition that Ihe surface tension is more dominant in the 
vicinity of the drawing opening was disappeared. ss 

Further, according to the third aspect of the present 
invention, it is easy to make larger the temperature gra- 
dient in the vicinity of the single crystal-growing point for 
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the single crystal-growing crucible. By so doing, the melt 
can be rapidly cooled. 

Therefore, the third aspect of the present invention 
is particularly suitable for the production of the single 
crystal of a solid solution state. The single crystal of a 
solid solution state has a tendency that its composition 
ratio changes under an equilibrium condition. When the 
conventional u. pulling down process is employed, the 
equilibrium condition exists in the vicinity of the drawing 
hole so that the composition of the solid solution chang- 
es due to a slight temperature change or slight changes 
in the solidifying speed. To the contrary, according to the 
method and apparatus of the third aspect of the present 
invention, since the area near the single crystal-growing 
section can be rapidly cooled, the composition of the 
melt can be kept constant. 

As the solid solution, for example, KLN, KLTN 

[ K 3 Li 2-2x( Ta y Nb 1-y)5 + J °15 + x and Ba l-x Sr x Nb 2°6- wnich 

have tungsten-bronze structure, and Mn-Zn ferrite may 
be recited. 

Further, for the above-mentioned reason, an oxide 
series single crystal having a segregation composition 
can be produced. For example, when neodymium is 
added or substituted in LiNb0 3 , neodymium only in an 
amount smaller than that in the composition of the melt 
enters the single crystal because the segregation coef- 
ficient of neodium is not 1 .0. For example, even if about 
1.0 mof% of neodymium is contained in the melt, only 
about 0.3 mol% of neodymium can be substituted in the 
single crystal. However, according to the present inven- 
tion, the single crystal having the same composition as 
that of the melt can be produced by rapidly cooling the 
melt inside the nozzle portion as mentioned above, with- 
out segregation. This can be also applied to other laser 
single crystals such as YAG (Y 3 Fe 5 0 12 ) partially substi- 
tuted by Nd, Er and/or Yb, and YV0 4 partially substitut- 
ed by Nd, Er and/or Yb. 

The producing apparatus according to the present 
invention is not limited to any particular heating means 
for the crucibles. However, it is preferable to provide a 
heating furnace as surrounding the crucible. In this 
case, it is preferable that the heating furnace is divided 
into an upper furnace portion and a lower furnace por- 
tion, and the melting crucible is surrounded by the upper 
furnace portion so that the upper furnace portion may 
be heated at a higher temperature to assist melting of 
the material powder inside the melting crucible. 

On the other hand, it is preferable thai the lower fur- 
nace portion is arranged to surround the single crystal- 
growing crucible, and the temperature of the lower fur- 
nace portion is set lower so that the temperature gradi- 
ent in the single crystal-growing section of the single 
crystal-growing crucible may be greater. 

Further, in order to improve the efficiency of melting 
the powder material inside the melting crucible, it is pref- 
erable that the melting crucible itself is made of a con- 
ductive material, and is caused to generate heat through 
applying electric power thereto, rather than heating the 
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melting crucible by using only the heating furnace out- 
side the melting crucible. 

Further, in order to keep the molten state ot the melt 
flowing the nozzle portion of the melting crucible, it is 
preferable that the nozzle portion is made of a conduc- 
tive material, and caused to generate heat through ap- 
plying the electric power to the nozzle portion. Further, 
it is prelerable that a radio frequency heating mecha- 
nism is provided to heat the melting crucible body and 
the nozzle portion through radio frequency induction 
heating. 

As the above conductive material, materials such 
as platinum, platinum-gold alloys, platinum-rhodium al- 
loys, platinum-iridium alloys, and iridium is preferred. 

Since the corrosion-resistant metals such as plati- 
num all have relatively small resistivities, the resistance 
of the nozzle portion have to be increased to some de- 
gree by decreasing the thickness of the nozzle portion 
so that the nozzle portion may be effectively heat-gen- 
erated. For example, when the nozzle portion was made 
of platinum, it had to be formed by a thin film of about 
100-200 urn. However, if the nozzle is formed by such 
a thin film, it is structurally weak, so that stable produc- 
tion of the single crystal body may be difficult due to de- 
formation of the nozzle portion in some case. 

Under the circumstances, the nozzle portion may 
be surrounded by a heat-generating resistive member, 
which can be caused to generate heat through feeding 
electric power thereto. In this case, the nozzle portion 
may be made of the above corrosion-resistant metal, 
and this metal may also be caused to generate heat 
through feeding electric power thereto. In this case, no 
electric power may be applied to the nozzle portion. In 
the above case, a principal heating function may be giv- 
en tothe heat-generating resistive member surrounding 
the nozzle portion, so that a heat-generating load re- 
quired for the nozzle portion becomes smaller. Since the 
nozzle portion may not necessarily be caused to gener- 
ate heat, the mechanical strength of the nozzle portion 
can be enhanced by thickening the nozzle portion (for 
example, to not less than 300 u.m), which makes the ap- 
paratus more suitable for the mass-production. 

According to the producing apparatus of the third 
aspect of the present invention, the raw material can be 
continuously or intermittently fed into the melting cruci- 
ble. For, the state thermally changes inside the melting 
crucible due to the heat of the dissolution of the raw ma- 
terial, and Ihe composition of the single crystal corre- 
spondingly changes. However, according to the inven- 
tion producing apparatus, even if such thermal change 
occurred inside the melting crucible, the single crystal- 
growing crucible is less thermally influenced. Further, 
since the single crystal-growing section of the single 
crystal-growing crucible is not in an equilibrium state but 
in a kinetics state, the growing section is still less ther- 
mally influenced 

The third aspect of the present invention can be ex- 
cellently applied to not only to the production of the sin- 



gle crystal fiber products but also the planar single crys- 
tal products. A concrete process of producing such pla- 
nar single crystal products will be explained later. 

The process according to the fourth aspect of the 
s present invention includes the steps of feeding the ox- 
ide-series single crystal raw material to the crucible, 
melting it therein and growing the oxide-series single 
crystal after a seed crystal is contacted with the melt, 
wherein a laser beam is irradiated upon the oxide-series 
io single crystal, a light outputted from the oxide-series sin- 
gle crystal is measured, and the composition ratio of the 
raw material to be fed to the crucible is controlled based 
on the measuremental result. 

The oxide-series single crystal-producing appara- 
is tus according to the fourth aspect of the present inven- 
tion is adapted for feeding the oxide-series single crystal 
raw material to the crucible, melting it therein and grow- 
ing the oxide-series single crystal after a seed crystal is 
contacted with the melt, and includes the crucible with 
20 ihe single crystal-drawing hole, a raw material feeder for 
feeding the raw material to the crucible, a driving device 
for pulling down the oxide-series single crystal body 
from the crucible, a laser beam source for irradiating the 
laser beam upon the oxide-series single crystal body, a 
25 measuring device for measuring an output light from the 
oxide-series single crystal body, and a controller for con- 
trolling the composition ratio of the raw material to be 
fed 1o the crucible based on an output signal from the 
measuring device. 
30 The present inventors have excellently succeeded 
in solving the above-mentioned problems, continuously 
pulling down the single crystal fiber and keeping the 
composition thereof constant by employing the con- 
struction according to the fourth aspect of the present 
35 invention. More specifically, the inventors discovered 
that the leeder is provided to feed the oxide-series single 
crystal raw material to the crucible, the laser beam is 
irradiated upon the oxide-series single crystal body be- 
ing downwardly pulled, the output light beam from the 
40 oxide-series single crystal is measured, and the compo- 
sition ratio of the raw material to be fed to the crucible 
is controlled based on the measuremental result, where- 
by even if the single crystal fiber or the like is continu- 
ously pulled down, the composition ot the single crystal 
45 fiber can be prevented from changing. 

Referring to the above in more detail, that the wave- 
length of a peak of the output light beam from the oxide- 
series single crystal shifts to a long wavelength side or 
a short wavelength side means that the composition is 
so deviated from a target one. In that case, the composition 
ratio of the raw material is changed to reduce the shifting 
of the peak wavelength. By so doing, the composition 
of the single crystal fiber can be kept in a given range, 
while pulling it down. 
55 These and other objects, features and advantages 
of the invention wilt be appreciated upon reading the fol- 
lowing description of the invention when taken in con- 
junction with the attached drawings, with the under- 
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standing that some modifications, variations and chang- 
es could be easily made by the skilled person in the art 
to which the invention pertains. 

Brief Description of the Invention 5 

For a better understanding of the invention, refer- 
ence is made to the attached drawings, wherein: 

Fig. 1 is a block diagram for schematically illustrat- w 
ing an embodiment of the single crystal-producing 
apparatus according to the first aspect of the 
present invention; 

Fig. 2 is a sectional view of outlining a single crystal- 
growing device to be favorably used in the first as- is 
pect of the present invention; 
Fig. 3(a) is a sectional view for illustrating a state of 
the growing device in Fig. 2 before a seed crystal is 
contacted with a melt; 

Fig. 3(b) is a sectional view for illustrating a slate of 20 
the growing device in Fig. 2 in which the seed crystal 
is contacted with the melt; 

Fig. 4(a) is a plane view of a plane plate 31 with 
grooves 32; 

Fig. 4(b) is a perspective view of a nozzle portion 25 
35 formed by combining a pair of the plane plates 
31; 

Fig. 4(c) is a perspective view for illustrating a state 
in which a single crystal plate 36 is being grown 
through the nozzle portion 35 of a crucible 37; 30 
Fig. 5 is a view for schematically illustrating a cru- 
cible provided with plural rows of nozzle portions; 
Fig. 6 is a perspective view for illustrating a moving 
device and a cutter to be favorably used in the first 
aspect of the present invention; 3$ 
Fig. 7 is a side viewfor illustrating a principal portion 
of the moving device and the cutter in Fig. 6; 
Fig. 8 is a front view of a holder in Figs. 6 and 7; 
Fig. 9 is a side view for outlining another moving 
device and another cutter to be favorably used in 40 
the first aspect of the present invention; 
Fig. 1 0 is a perspective view for illustrating a driving 
mechanism for rotary bodies used in the moving de- 
vice in Fig. 9; 

Fig. 1 1 (a) is a schematic view for illustrating a state 45 
in which a heater 69 is contacted with a single crys- 
tal body 12; 

Fig. 1 1 (b) is a schematic view for illuslrating a state 
in which the single crystal body 1 2 is cut by the heat- 
er 69; so 
Fig. 12(a) is a front view for illustrating a state in 
which images of the single crystal body 12 and a 
scale 62 are taken in a monitor 7; 
Fig. 12(b) is a perspective view for illustrating a 
state in which laser beams 64 and 65 are irradiated ss 
upon a single crystal body 63; 
Fig. 1 3 is a sectional view for outlining a single crys- 
tal-growing device according to an embodiment of 



the second aspect of the present invention; 
Fig. 14 is a sectional viewfor outlining a single crys- 
tal-growing device according to another embodi- 
ment of the second aspect of the present invention: 
Fig. 15 is a sectional view for outlining a crucible 
and an electric power feeding mechanism in a sin- 
gle crystal-producing apparatus according to a fur- 
ther embodiment of the second aspect of the 
present invention; 

Fig. 16 is a sectional view for structurally outlining 
a crucible and an electric power feeding mechanism 
in a still further embodiment of the single crystal- 
producing apparatus according to the second as- 
pect of the present invention; 
Fig. 1 7 is a sectional view for outlining the construc- 
tion of a crucible in a still further embodiment of the 
single crystal-producing apparatus according to the 
second aspect of the present invention; 
Fig. 18(a) is a plane view of a flat plate 78 made of 
a corrosion-resistant material; 
Fig. 18(b) is a plane view for illustrating a state in 
which a groove 79 is formed at the flat plate 78; 
Fig. 1 8(c) is a section a view of a nozzle portion 80 
formed by joining a pair of the flat plates 78; 
Fig. 18(d) is a sectional view illustrating a state in 
which the nozzle portion 80 is fitted to a crucible 82; 
Fig. 19 is a perspective view for illustrating a cut 
nozzle portion 63 constituted by a plurality of tubular 
members 85; 

Fig. 20 is a sectional view for outlining a nozzle por- 
tion 89 having an outer diameter-enlarged portion 
91 and a crucible; 

Fig. 21 is a sectional view for outlining a crucible 
provided with a nozzle portion having a diameter 
enlarged portion with numerous flow holes; 
Fig. 22 is a sectional view for outlining a single crys- 
tal-producing apparatus according to a still further 
embodiment of the second aspect of the present in- 
vention; 

Fig. 23 is a plane view for outlining the apparatus 
in Fig. 22; 

Fig. 24 is a sectional view of another nozzle portion 
used in the single crystal-producing apparatus in 
Figs. 22 and 23 as viewed from a through-hole 98a; 
Fig. 25 is a sectional view for outlining a single crys- 
tal-producing apparatus according to an embodi- 
ment of the third aspect of the present invention; 
Fig. 26 is a sectional view for outlining a single crys- 
tal-growing crucible 115 and its adjacent portion; 
Figs. 27(a) and 27(b) are schematic views for illus- 
trating states of a distal end portion of the single 
crystal-growing crucible 115; 

Fig. 28 is a sectional view for outlining the construc- 
tion of a crucible in a single crystal-producing appa- 
ratus according to the third aspect of the present 
invention; 

Fig. 29(a) is a plane view for illustrating a flat plate 
121 made of a corrosion-resistam material: 
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Fig. 29(b) is a view for illustrating a state in which 

groove 122 is formed at the flat plate 121; 

Fig. 29(c) is a sectional view of a nozzle portion 1 23 

formed by joining a pair of the flat plates 1 21 ; 

Fig. 29(d) is a sectional view illustrating a state in 

which the nozzle portion 123 is fitted to a crucible 

125; 

Fig. 30(a) is a plane view of a plane plate 1 26 made 
of a corrosion-resistant material formed with plural 
rows of groove 127; 

Fig. 30(b) is a perspective view of a nozzle portion 
1 28 formed by combining a pair of the plane plates 
126; 

Fig. 30(c) is a perspective viewfor illustrating a state 
in which the nozzle portion 1 28 is attached to a sin- 
gle crystal-growing crucible 1 31 ; 
Fig. 31 is a partially cut perspective view for illus- 
trating a state in which a plurality of nozzle portions 
134 made of tubular bodies are contacted to adja- 
cent ones in a line; 

Fig. 32 is a graph showing the relationship between 
the wavelength and the intensity of the output light 
beam in connection with the fourth aspect of the 
present invention; 

Fig. 33 is a graph for illustrating how to measure the 
intensity of output light beams having wavelengths 
on opposite sides of a target wavelength Xo; 
Fig. 34 is a sectional viewfor outlining a single crys- 
tal-producing apparatus according to an embodi- 
ment of the fourth aspect of the present invention; 
and 

Fig. 35 is a block diagram for illustrating a feed back 
control system using a pair of laser beam sources 
147A and 147B and a pair of light beam-recievers 
148A and 148B. 

Detailed Description of the Invention 

Now, embodiments of the single crystal-producing 
apparatus according to the first aspect of the present 
invention will be explained. 

Fig. 1 is a block diagram of schematically illustrating 
the single crystal-producing apparatus according to the 
an embodiment of the first aspect of the present inven- 
tion. In the single crystal-producing apparatus, a heater 
4A is provided inside an upper furnace 2, and a heater 
4B is provided in a lower furnace 3. Temperature detec- 
tors (preferably thermocouples) 5A, 5B, 5C, 5D and 5E 
are arranged at specific locations of the upper and lower 
furnace. Signal cords are extended from each temper- 
ature detector to a controller 9. A crucible 11 is placed 
inside an inner space 10 of the upper furnace 2, and a 
single crystal body is drawn out into an inner space 18 
of the lower furnace 3 through a nozzle of the crucible 
11. A preferred embodiment of this portion will be ex- 
plained later. A raw material feeder 1 is arranged above 
the upper furnace 2, and a feed port la of this raw ma- 
terial feeder 1 is opened to toward an upper lace of the 



crucible 1 1 . The raw material feeder 1 is also connected 
to the controller 9 through a signal cord. 

A photographing device 6 for the single crystal body 
1 2 is arranged under the lower furnace 3, and connected 

5 to the monitor 7. A moving device 13 schematically 
shown in the form of a block is arranged under the pho- 
tographing device 6, and a cutter is under the moving 
device 13. Both the moving device 1 3 and the cutter 14 
are connected to the controller. A reference numeral 16 

to denotes a cut portion of the single crystal body, and 15 
denotes a single crystal product cut with a specified 
shape and dimension. 

A transfer device 17 is arranged under the single 
crystal product, and the single crystal product 15 is 

75 moved into the transfer device 17 in a direction of the 
arrow A. The single crystal-producing apparatus is ob- 
served through a terminal unit 8, and controlled by the 
controller through the terminal unit. 

In the following, preferred embodiments of various 

20 portions ol the single crystal-producing apparatus will 
be explained in more detail. Fig. 2 is a sectional view for 
outlining a single crystal-growing device, and Fig. 3(a) 
and 3(b) are schematic views for illustrating a distal end 
portion of a nozzle portion. 

25 Inside the furnace is provided a crucible 20. An up- 

per furnace is arranged to cover the crucible 20 and an 
upper space 10 around it. A heater 4A is buried in the 
upper furnace 2. The nozzle portion 25 extends down- 
wardly from an lower end portion of the crucible 20, and 

30 a drawing hole 25a is formed at a lowermosl end of the 
nozzle portion 25. A lower furnace 3 is arranged to cover 
the nozzle 25 and a space 28 around it. A heater 4B is 
buried in the lower furnace. The heating furnace can of 
course be modified in various ways. For example, al- 

35 though the heating furnace is divided into two zones, i. 
e., the upper and lower furnaces in Fig. 2, the heating 
furnace may be divided into three or more zones. Both 
of the crucible 20 and the nozzle 25 are made of a cor- 
rosion-resistive conductive material. 

40 One electrode extending from an electric power 
source 22A is connected to a location B of the crucible 
20, and the other electrode of the electric power source 
22A is connected to a corner C of a lower bent portion 
of the crucible 20. One electrode extending from an 

45 electric power source 22B is connected to a location D 
of the nozzle portion 25, and the other electrode of the 
electric power source 22B is connected to a lower end 
of the nozzle portion 25. The eleclrocity-passing mech- 
anisms mentioned above are separated from each other 

50 so that voltages applied to these mechanisms may be 
independently controlled. 

Further, an after-heater 66 is provided inside the 
space 18 such that heater 66 surrounds the nozzle at a 
given interval. Inside the crucible 20 is upwardly extend- 

55 ed an intake tube 23, which has an intake hole 24 at its 
upper end. The intake hole 24 is located at a location 
slightly protruding into a bottom portion of a melt 21 in- 
side the crucible 20. 
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Alternatively, the melt intake hole 24 may be formed 
at the bottom of the crucible so that the intake hole 24 
may not be located to protrude the intake tube 20 from 
the bottom of the crucible 20. In this case, no intake tube 
23 is provided. However, as the crucible is used for a 5 
long time, impurities in the melt may gradually accumu- 
late in the bottom portion of the crucible. When the in- 
take opening 24 is provided at the upper end of the in- 
take tube 23, the impurities at the bottom is are unlikely 
to enter the intake opening 24 even if impurities are ac- io 
cumulated on the bottom of the crucible, because the 
intake tube 23 protrudes in the crucible from its botlom. 

The upper furnace 2, the lower furnace 3 and the 
after heater 66 are caused to generate heat to properly 
set the temperature distribution inside each of the spac- is 
es 10 and 18, the raw material for the melt is fed into the 
crucible 20, and the crucible 20 and the nozzle portion 
25 are caused to generate heat through application of 
electric power thereto. In this state, as shown in Fig. 3 

(a) , the mell 21 slightly protrudes from a drawing open- 20 
ing 25a in a single crystal-growing section 26 at a lower 
end portion of the the nozzle portion 25, and is held 
therein by its surface tension to form a relatively flat sur- 
face 29. 

The gravity acting on the melt 21 inside the nozzle 2s 
25 is largely reduced through contacting o1 the melt with 
the inner surface of wall of the nozzle 25. In particular, 
if the inner diameter of the nozzle portion 25 was set at 
not more than 0.5 mm, the above-mentioned uniform 
solid phase/liquid phase interface (meniscus) could be 30 
formed. 

In this state, a seed crystal 27 is moved upwardly 
as shown in a direction of the arrow F, so that an end 
face 27a of the seed crystal 27 is contacted with the 
above surface 29 of the melt. Then, as shown in Fig. 3 35 

(b) , the seed crystal 27 is downwardly pulled down. The 
uniform meniscus 30 is formed between the upper end 
of the seed crystal 27 and the melt 21 is drawn down- 
wardly through the nozzle portion 25. As a result, as 
shown in Fig. 2, the single crystal body 12 is continu- 40 
ously formed above the seed crystal 27, and pulled 
downwardly. A reference numeral 28 denotes a mech- 
anism for pulling down the seed crystal 27. 

On the other hand, if a conventional crucible is used 
and an amount of the raw material powder fed to the ^5 
crucible is increased, an expanded portion of the melt 
is formed downwardly swelled from a drawing hole of 
the crucible. In this stale, if an end face of a seed crystal 
is contacted with the melt, no good solid phase/liquid 
phase interface is formed. so 

Next, a preferred concrete configuration of the noz- 
zle portion for the production of a single crystal plate will 
be explained. As shown in Fig. 4(a), plural rows of slen- 
der grooves 32 are formed in parallel at a flat plate 31. 
A planar nozzle portion 35 is formed by bonding the pla- ss 
nar plates 31 as shown in Fig. 4(b) so that plural rows 
of melt flow passages 33 may be formed in the nozzle 
portion 35. A reference numeral 34 denotes a joint. 



As shown in Fig. 4(c), the nozzle portion 35 is joined 
to the bottom of an elongated crucible 37. The melt in 
the crucible 37 flows out downwardly through the melt 
flow passages 33 of the nozzle 35. At that time, the melts 
flowing down through the melt flow passages 33 are 
combined together along the bottom face 35a of the noz- 
zle portion 33, and the combined melt is solidified im- 
mediately below the bottom face 35a. Accordingly, the 
planar single crystal 36 is pulled downwardly through 
the nozzle portion 35. According to this type of the noz- 
zle portion, the melt flow passages 33 each having a 
small diameter can be easily formed in the nozzle por- 
tion for the production of the single crystal plate. 

Fig. 5 is a schematic view for illustrating a single 
crystal-growing device with a plurality of drawing holes. 
A melt 21 is received in a crucible 38, and a plurality of 
the drawing openings 40 are provided in the bottom of 
the crucible 38 so that single crystal bodies 12 may be 
pulled down through the respective drawing openings 
40 in a direction of the arrows H. In order to supplement 
reduction in the amount of the melt in the crucible, a 
fresh single crystal raw material 39 is supplemented to 
the crucible in a direction of the arrow G. 

Fig. 6 is a perspective view for illustrating a pre- 
ferred embodiments of holders and cutters, and Fig. 7 
is a side view for illustrating a principal portion thereof. 
Fig. 8 is a front view for illustrating chucks of the holder 
and their vicinity. Feed screws 42A and 42B are provid- 
ed for a pair of respective frame members 41 A and 41 B, 
and holders 44A and 44B are fixed to the respective feed 
screws 42A and 42B. Cutters are provided under the 
respective holders 44A and 44B, and each of cutting 
members 45A and 45B of the cutters are coupled to a 
cylinder 46 via a shaft 47. Motors 43A and 43B are ac- 
commodated in a base table under the frame members 
41 A and 41 B. The motors 43A, 43B are actuated to ro- 
tate the feed screws 42A, 42B so that the holder and the 
cutter may be moved up or down. 

A concrete construction example of the holder 44A, 
44B is shown in Fig. 8. A shaft 49 is connected to a cyl- 
inder 48, and a chuck 53A is fixed to the shaft 49 by a 
fixing member 52A. The shaft 49 is mechanically con- 
nected to a shaft 50 parallel thereto by a link mechanism 
51 . A chuck 53B is fixed to this shaft 50 by a fixing mem- 
ber 52B. The cylinder 48 can be driven in the arrow di- 
rections indicated by I. If the cylinder 48 is moved left in 
Fig. 8, the shaft 49 and the chuck 53A move toward the 
left side, whereas the shaft 50 and the chuck 53B move 
toward the right side. Consequently, the distance be- 
tween the chucks 53A and 53B becomes greater to re- 
lease grasping of the single crystal body. When the sin- 
gle crystal is to be grasped, the cylinder 48 is driven to- 
ward right, and the shaft 49 and the chuck 53A arc 
moved toward the right side, whereas the shaft 50 and 
the chuck 53B move toward the left side. 

When the single crystal body is to be downwardly 
fed, the outer periphery of the single crystal body is first 
grasped by the holder 44B, and then the feed screw is 
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driven to move the holder 44B down to a specific loca- 
tion. At that time, as shown in Fig. 7, the cylinder 46 is 
driven to protrude the cutting member 45B so that the 
cutting member 45B may be brought into contact with 
the single crystal body 1 2, and caused to cut the single 
crystal body 12 upon pushing. Thereby, a single crystal 
product 15 is formed. Then, while the grasping of the 
single crystal body with the holder 44B is released, the 
single crystal body is grasped by the holder 44A at a 
given location, and then the holder 44A is in turn moved 
downwardly. During this step, the holder 44B is moved 
up to a specific upper location. In this way, the single 
crystal body 1 2 is alternatively grasped by and released 
trom the holders 44A and 44B, and successively moved 
downwardly and cut, so that the single crystal body can 
be successively and automatically moved and cut. The 
above operations ol the holders, the leed screws, etc. 
are controlled by the controller, but the controlling itself 
can be made according to a known method. 

Fig. 9 is a side view for outlining other preferred em- 
bodiments of the single crystal -moving device and cut- 
ters, and Fig. 10 is a perspective view for illustrating a 
driving mechanism for a pair of rotary bodies. A rotary 
shaft 67B is fixed to a rotary shaft of a motor 54 via a 
gear chamber 55, and a pair of wheels 68 are fixed 
around the rotary shaft 67B such that a gap 69 is pro- 
vided between a pair of the wheels 68. By so construct- 
ing, a rotary body 66B is formed. A rotary shaft 67A is 
provided to be synchronized with the rotary shaft 67B 
via a mechanism not shown. A pair of wheels 68 are 
fixed around the rotary shaft 67A such that a gap 69 is 
provided between a pair of the wheels 68. By so con- 
structing, a rotary body 66A is formed. The single crystal 
body 1 2 is held in the gaps between a pair of the rotary 
bodies 66A and 66B, and then pulled downwardly. 

Under the moving devices is arranged a cutter 57, 
which includes a cutting blade 58 connected to a driving 
unit. The cutting blade 58 is contacted with the single 
crystal body 12, and is caused to shear cut the single 
crystal body 1 2 under application of pressure. Thereby, 
a single crystal product not shown is obtained. This sin- 
gle crystal product is fallen down to a receiving box 60 
along a slider 73. 

The single crystal body may be fused by using a 
heater. For example, as schematically illustrated in Fig. 
11(a), a heater 189 is opposed to the single crystal body 
12, and as shown in Fig. 11(b), the heater 189 is caused 
to generate heal, and the single crystal body 1 2 is locally 
heated and fused. Thereby, a single crystal product 27 
can be obtained. At that time, a portion of the single crys- 
tal body 12 is located inside a recess 189a of the heater 
189, and the heater is caused to generate heat in the 
state that the heater docs not contact the single crystal 
body 12. Alternatively, the single crystal body 12 may 
be fused in the state that the heater 189 is brought into 
contact with the single crystal body 12. 

Referring to Fig. 12(a), a single crystal body 12 is 
on a screen 61 of a monitor 7. A scale 62 is arranged 
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vertically to the single crystal 1 2 : which enables the out- 
er dimension of the single crystal body 12 to be meas- 
ured. 

As illustrated in Fig. 12(b), a laser beam 64 is irra- 
s diated upon the outer periphery of a single crystal body 
63, and a portion of the irradiated light beam not inter- 
rupted by the single crystal body 63 is received by a light 
beam-receiving device not shown. Thereby, a X-direc- 
tion dimension of the single crystal body 63 can be 
10 measured. Simultaneously, a laser beam 65 is irradiated 
upon the the outer periphery of the single crystal body 
63 in a direction orthogonal to that of the laser beam 64, 
and a portion of the irradiated light beam not interrupted 
by the single crystal body 63 is received by a light beam- 
15 receiving device not shown. Thereby, a Y-direction di- 
mension of the single crystal body 63 can be measured. 

In the following, more concrete experimental results 
will be explained. 

20 Example 1 Growing of a KLN single crystal fiber 

According to the process illustrated in connection 
with Fig. 1, a KLN single crystal fiber was produced. As 
the single crystal-growing device, that shown in Fig. 2 
25 was used. The temperature of the entire interior of the 
furnace was controlled by the upper furnace 2 and the 
lower furnace 3. The growing device was so designed 
that the temperature gradient of an area near the single 
crystal-growing section 26 might be controlled by apply- 
30 ing electric power to the nozzle 25 and making the after- 
heater 66 generate heat. 

A powdery raw material was prepared by mixing po- 
tassium carbonate, lithium carbonate and niobium oxide 
in a molar composition ratio of 30:20:50. Into the crucible 

35 20 made of platinum was put about 50 g of the above 
powdery raw material, and the crucible 20 was set at a 
specified location. Above the crucible 20 was set the raw 
material feeder 1 , and a weight detector (not shown) 
was arranged in an upper portion of the crucible so that 

40 the feed speed of the raw material may be controlled 
based on a signal from the weight detector. The temper- 
ature of the space 10 inside the upper furnace 2 was 
adjusted to a temperature range of 1100 - 1200°C, 
thereby the raw material was melted inside the crucible 

45 20. The temperature of the space 18 inside the lower 
furnace 3 was uniformly controlled to the temperature 
range of 500 - 1000°C. While a given electric power was 
applied to Lhe crucible 20, the nozzle portion 25 and the 
after-heater 66, a single crystal body was grown. At that 

so time, the single crystal body was excellently grown un- 
der the controlled condition that the temperature of the 
single crystal-growing section was set at 1 050-11 50°C, 
and the temperature gradient at the single crystal-grow- 
ing section was controlled to 10-50°C/mm. 

55 The cross sectional shape of each ol the inner and 
outer peripheries ol the nozzle portion 25 was circular 
with the outer diameter of 1 mm, the inner diameter of 
0.1 mm and the length ol 20 mm. The plane shape of 
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the crucible 20 was circular with the diameter of 30 mm 
and the height of 30 mm. 

The single crystal -moving device was used, which 
included the rotary bodies as shown in Figs. 9 and 10, 
and the cutter shown in Figs. 11 (a) and 11(b) were used 
with the heater made of a platinum wire. This moving 
device enabled the single crystal fiber to be drawn down 
at a vertically uniform speed in a range of 2 - 200 mm/ 
hr. As an observing device, the CCD image-photogra- 
pher and the monitor shown in Figs. 1 and 12(a) were 
used 

In order to first effect seeding, a seed crystal was 
moved up from a lower side, and contacted to the melt. 
After a good meniscus was formed at the interface be- 
tween the seed crystal and the melt, the seed crystal 
was drawn down at a speed of 20 mm/hr, and a single 
crystal fiber was grown. By so doing, the single crystal 
fiber or single crystal body having a sectional shape of 
1 x 1 mm was grown. When the length of the grown sin- 
gle crystal body reached about 200 mm, the single crys- 
tal fiber was grasped between a pair of the rotary bodies. 
Then, the seed crystal portion was cut off by applying 
electric power to the heater 169. The single crystal fiber 
exists between the holder and the nozzle portion of the 
single crystal-growing device. 

As the single crystal fiber grew, the melt inside the 
crucible decreased and the weight of the entire crucible, 
that is, the weight of the melt decreased. Therefore, the 
total weight of the crucible and the melt was measured 
by a load cell, and a fresh raw material was fed so that 
the measured result might be almost constant with an 
error of within ±1 0 mg. Since the single crystal fiber grew 
60 mm in about 3 hours, electric power was applied to 
the heater every three hours to cut the single crystal fib- 
er. Thereby, single crystal fiber products having a di- 
mension of 1 x 1 x 60 mm were continuously produced. 
In this state, the above operation was continued for one 
week to obtain 56 single crystal fiber products. 

With respect to the thus obtained single crystal fiber 
products, the second harmonic wave-generating char- 
acteristic was measured. As a result, it was found out 
that a phase matched wavelength was almost constant 
within a detection variation of ±0.2 urn with respect to a 
target one of 840 nm. Further, an output conversion e1- 
ficiency obtained was almost the same as its theoretical 
value, and its variation is within ±1%, which is the de- 
tection limit of this measurement. 



Example 2 Multiple growing of Nd-LN single crystal 
fibers 

Nd-LN single crystal fibers were grown according 
tothc process explained by referring to Fig. 1 . The same 
growing crucible shown in Fig. 5 except that the number 
of the nozzles were 10 was used. The furnace for the 
single crystal-growing device as shown in Fig. 2 was 
used. The temperature of the entire interior of the fur- 
nace was controlled by the upper furnace 2 and the low- 



er furnace 3. The temperature gradient near the single 
crystal-growing section 26 was controlled by feeding the 
electric power to the nozzle portion 25 and making the 
after heater 66 generate heat. 
5 A powdery raw material was prepared by mixing 

neodymium oxide, lithium carbonate and niobium oxide 
at a molar composition ratio of 1 :49:50. Into the platinum 
crucible 38 was put 100 g of this powdery raw material. 
Above the crucible 38 was set the raw material feeder 
10 1 A thermocouple was arranged near the surface of the 
melt inside the crucible, and the feeding of the raw ma- 
terial into the melt inside the crucible was controlled 
based on a signal from the thermocouple. 

The temperature of the space 10 inside the upper 
>5 furnace 2 was adjusted to a temperature range of 1200 
- 1300°C, thereby melting the raw material inside the 
crucible 38. The temperature of the space 18 inside the 
lower furnace 3 was uniformly controlled to the temper- 
ature range of 600 - 1200°C. While a given electric pow- 
20 er was applied to the crucible 38, the nozzle portion 40 
and the after-heater 66, a single crystal body was grown. 
At that time, the single crystal body was excellently 
grown under the controlled condition that the tempera- 
ture of the single crystal-growing section was set at 
25 1 200-1 300°C, and the temperature gradient at the sin- 
gle crystal-growing section was controlled to 10-50°C/ 
mm. 

The single crystal-moving device was used, which 
included the holders and the cutters as shown in Figs. 
30 6, 7 and 8. In this experiment, each set of the holder and 
the cutter was arranged at a location corresponding to 
each nozzle portion. This moving device enabled the 
single crystal fiber to be pulled down at a vertically uni- 
form speed in a range of 2 - 200 mm/hr. As an observing 
3S device, the CCD image-photographer and the monitor 
shown in Figs. 1 and 12(a) were used. 

A seed crystal was grasped by a first uppermost 
holder. In order to first effect seeding, a seed crystal was 
moved up from a lower side, and contacted to the melt. 
40 After a good meniscus was formed at the interface be- 
tween the seed crystal and the melt, the seed crystal 
was pulled down at a speed of 25 mm/hr, and a single 
crystal fiber having a sectional shape of 0.6 x 0.6 mm 
was grown. When the length of the thus grown single 
45 crystal body reached about 200 mm and the first holder 
was located 75 mm lower than the second one, the sin- 
gle crystal fiber was grasped by the second holder, and 
the single crystal fiber was pulled down by a speed of 
25 mm/hr. Thereafter, the grasping of the single crystal 
50 fiber with the first holder was released, and the first hold- 
er was moved upwardly. The single crystal fiber was cut 
by the cutting member under the second holder, and the 
single crystal fiber product was moved to a single crystal 
fiber-stocking section. Such single crystal fiber products 
55 could be continuously produced by repeating the above 
process. 

As the single crystal fiber grew, the melt inside the 
crucible decreased. Thus, the temperature was meas- 
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ured by the thermocouple arranged at a location slightly 
higher than the surface of the melt inside crucible, and 
changes of the melt surface were detected based on 
changes of the thus measured temperature. A temper- 
ature signal was sent to the controller, which feed back 
controlled the feeding of the raw material so that varia- 
tions in the height of the melt surface might be within 
±0. 1 mm from a target one. Since the single crystal fiber 
grew 75 mm in about 3 hours, electric power was applied 
to the heater every three hours to cut the single crystal 
fiber. Thereby, single crystal fiber products having a di- 
mension of 0.6 x 0.6 x 75 mm were continuously pro- 
duced. In this state, the above operation was continued 
for one week to obtain 56 single crystal fiber products. 

With respect to all the thus obtained Nd-LN single 
crystal fiber products, the laser oscillating characteristic 
was measured. As a result it was confirmed that almost 
same output conversion efficiency at 1060 nm was ob- 
tained, and detection variations were within ±1%. The 
elementary analysis of Ihe composition distribution with 
EPMA revealed that with respect to the charged com- 
position of 1 .0 mol%, a variation in each component of 
the composition was controlled to within ±2% variation 
from the first molar ratio, which is the detection limit of 
this measurement. 

Example 3 Growing of a KLN single crystal plate 

According to the process illustrated by referring to 
Fig. 1 , a KLN single crystal plate was produced. As the 
single cryslal-growing crucible, that shown in Figs. 4(a) 
to 4(c) was used. The furnace for the single crystal- 
growing device as shown in Fig. 2 was used. The tem- 
perature of the entire interior of the furnace was control- 
led by the upper furnace 2 and the lower furnace 3. The 
growing device was designed such that the temperature 
gradient of an area near the single crystal-growing sec- 
tion 26 might be controlled by applying electric power to 
the nozzle 25 and making the after-heater 66 generate 
heat. 

As the flat plate 31 was used a platinum plate having 
a dimension of 30 mm x 30 mm x 0.6 mm. Grooves 32 
were formed at this platinum plate by mechanical cutting 
using a dicing machine. The interval between the adja- 
cent grooves 32 was 5 mm, and the width ol each groove 
was 0.1 mm. A planar nozzle portion 35 having a thick- 
ness of 1.2 mm was formed by joining two platinum 
plates 31. As explained in connection with Figs. 4(a) to 
4(c), the melt was flown through the melt flow passages 
33. 

A powdery raw material was prepared by mixing po- 
tassium carbonate, lithium carbonate and niobium oxide 
in a molar composition ratio mentioned later. Into the 
crucible 37 made of platinum was charged 500 g of the 
above powdery raw material. Above the crucible 20 was 
set the raw material feeder 1. The thermocouple was 
set near the surface of the melt inside crucible, and the 
feeding of the raw material to the melt was controlled 



based on a signal from the thermocouple. 

The temperature of the space 10 inside the upper 
furnace 2 was adjusted to a temperature range of 1100 
- 1200°C, thereby Ihe raw material was melted inside 

s the crucible 37. The temperature of the space 1 8 inside 
the lower furnace 3 was uniformly controlled to 1he tem- 
perature range of 500 - 1000°C. While given electric 
power was applied to the crucible 37, the nozzle portion 
25 and the after-heater 66, a single crystal body was 

io grown. At that time : the single crystal body was excel- 
lently grown under the controlled condition that the tem- 
perature of the single crystal-growing section was set at 
1050-1150°C, and the temperature gradient at the sin- 
gle crystal-growing section was 10-50°C/mm. 

is The single crystal plate-moving device was used, 
which included the rotary bodies as shown in Figs. 9 and 
10. A cutter was used, which cut the single crystal plate 
by irradiating carbon dioxide laser beam upon it. This 
moving device enabled the single crystal plate to be 

20 pulled down at a vertically uniform speed in a range ol 
2 - 200 mm/hr. The measuring device shown in Fig. 12 
(b) was used, which observed the dimension of the sin- 
gle crystal plate by using the laser beams. Under the 
cutter was arranged a transfer device for transferring cut 

2S single crystal plate products by a belt conveyor in the 
state that the cut single crystal plate products were 
placed on a holding member and transferred. 

In addition, an observing device for the composition 
of the single crystal plate was installed, which includes 

30 a titanium-sapphire laser beam source and spectrum 
analyzer for analyzing output light beam from the single 
crystal plate. 

In order to first effect seeding, a seed crystal was 
moved up from a lower side, and contacted to the melt. 

35 After a good meniscus was formed at the interlace be- 
tween the seed crystal and the melt, the seed crystal 
was pulled down at a speed of 18 mm/hr, and a single 
crystal plate was grown. When the length of the thus 
grown single crystal body reached about 200 mm with 

40 a sectional shape of 50 mm x 1 mm, the single crystal 
plate was grasped between a pair of the rotary bodies. 
Then, the seed crystal portion was cut off by irradiating 
the carbon dioxide laser, and the moving device was 
moved down to the lowermost portion. 

45 As the single crystal plate grew, the melt inside the 
crucible decreased. Thus, the temperature was meas- 
ured by the thermocouple arranged at a location slightly 
higher than the surlace ol the melt inside crucible, and 
changes of the melt surface were detected based on 

so changes of the thus measured temperature. A temper- 
ature signal was sent to the controller, which feed back 
controlled the feeding of the raw material so that varia- 
tions in the height of the melt surface might be within 
±0. 1 mm from a target one. 

55 A laser beam of near a target phase matched wave- 
length (840 mn) was irradiated upon the single crystal 
plate Irom the titanium-sapphire laser beam source, and 
an output light was analyzed by the spectrum analyzer. 
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As raw materials, powders having the following two 
kinds of compositions were used. 

Powder 1: K 31 Li 2 Nb 5 0 

Powder 2: K 2 9 Li 2 Nb s O 5 

First, Powders 1 and 2 were mixed at a ratio of 1 : 1 , 
which was put into the crucible. When the peak wave- 
length shifted to a longer side, the amount of Powder 1 
was increased, whereas when the peak wavelength 10 
shifted to a shorter side, the amount of Powder 2 was 
increased. By so doing, the composition of the single 
crystal plate was controlled. 

' As a result, the phase matched wavelength of the 
single crystal plate was controlled to an accuracy of not is 
more than 0.2 nm. That is, the composition of the KLN 
single crystal could be controlled to a high accuracy of 
not more than 0.01 mol% than ever before. 

Since the single crystal fiber grew 50 mm in about 
3 hours, the single crystal plate was cut by irradiating 20 
the carbon dioxide laser beam thereupon every three 
hours to cut the single crystal plate. Thereby, single 
crystal plate products having a dimension of 50 mm x 
50 mm x 1 mm were continuously produced. In this 
state, the above operation was continued for one week 25 
to obtain 56 single crystal plate products. 

With respect to all of the thus obtained single crystal 
products, the property of the second harmonic genera- 
tion plate was measured. As a result, it was confirmed 
that a phase matched wavelength was almost constant 30 
within a detection variation of ±0.2 nm with respect to a 
target one of 840 nm. Further, an output conversion ef- 
ficiency obtained was almost the same as its theoretical 
value within ±1% variation, which is the detection limit 
of this measurement. 35 

Next, embodiments of the second aspect of the 
present invention will be explained. 

Fig. 13 is a schematic cross-sectional view of the 
producing apparatus for growing a single crystal, and 
the state of the distal end portion of the nozzle portion 40 
thereof will be explained using Figs. 3(a) and 3(b). 

A crucible 20 is disposed in the interior of the fur- 
nace body. An upper furnace 2 is arranged to surround 
the crucible 20 and its upper space 10. The upper fur- 
nace 2 has a heater 4A embedded therein. A nozzle por- 45 
tion 25 extends downwardly from the lower end of the 
crucible 20 and has an opening 25a at the lower end. A 
lower furnace 3 is arranged to surround the nozzle por- 
tion 25 and its surrounding space 1 8. The lower furnace 
3 has a heater 4B embedded therein. The crucible 20 so 
and the nozzle portion 25 are respectively made of a 
corrosion-resistant electrically conductive material. The 
heating furnace can of course be modified variously. For 
example, though the heating lurnace is divided into two 
heating zones in Fig. 13, the heating furnace may be ss 
divided into at least three heating zones. 

An electrode of an electric power source 22 A is con- 
nected to a portion B of the crucible 20 through a leading 



wire 68 and the other electrode of the power source 22A 
is connected to a portion C of the crucible 20. An elec- 
trode of an electric power source 22B is connected to 
the portion D the nozzle portion 25 and the other elec- 
trode of the power source 22B is connected to the lower 
end E of the nozzle portion 25. These electric power 
supplying mechanisms are separated from each other 
and constructed to control its voltage independently. 

In addition, an after-heater 66 is arranged in the 
space 1 8 to surround the nozzle portion 25 with a spac- 
ing. An intake tube 23 extends upwardly and has an in- 
take hole 24 at the upper end. The intake tube 23 is a 
little protruded upwardly from the bottom of the melt 21 . 

If the temperature gradient of the nozzle portion 25 
has been optimized by the furnace body (a heat-gener- 
ating member and a refractive material), the after-heater 
66 is not indispensable and may be omitted. 

The intake hole for the melt may be provided at the 
bottom of the crucible such that it does not protrude from 
the bottom of the crucible. In such a case, the intake 
tube 23 is not provided. However, when the crucible is 
used for a prolonged period of time, impu rities in the melt 
are occasionally gradually accumulated on the bottom 
of the crucible. By the provision of the intake hole 24 at 
the upper end of the intake tube 23 as in this embodi- 
ment, the impurities on the bottom of the crucible are 
hardly introduced in the intake hole 24 even if the impu- 
rities are accumulated on the bottom of the crucible, be- 
cause the intake tube 23 is protruded from the bottom 
of the crucible. 

The upper furnace 2, the lower furnace 3 and the 
after-heater 66 are heat generated to suitably determine 
the temperature distributions in the spaces 10, 18, the 
raw material for forming the melt is fed in the crucible 
20, and the crucible 20 and the nozzle portion 25 are 
heat-generated by supplying an electric power thereto. 
At this state, at the single crystal-growing section 26 ex- 
isting at the lower end of the nozzle portion 25, the melt 
21 is slightly protruded from the opening 25a and re- 
tained thereat by the surface tension to form a relatively 
flat surface 29. 

The gravity acting on the melt 21 in the nozzle por- 
tion 25 is largely decreased by the contact of the melt 
with the inner wall surface of the nozzle portion 25. Par- 
ticularly, by using the nozzle portion 25 of an inner di- 
ameter of not more than 0.5 mm, a uniform meniscus 
could be formed as described above. 

At Ihis slate, the seed crystal 27 is moved upwardly 
as shown by the arrow F to contact its upper end surface 
27a with the lower surface 29 of the melt 21. Then, the 
seed crystal 27 is pulled downwardly as shown in Fig. 3 
(b). At that time, a uniform meniscus is formed between 
the upper end surface of the seed crystal 27 and the 
lower end surface of the melt 21 drawn downwardly from 
the nozzle portion 25. 

As a result, a single crystal fiber 12 is continuously 
formed on the seed crystal 27 and pulled downwardly. 
In this embodiment, the seed crystal 27 and the single 
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crystal fiber 12 are drawn by a pair of rollers 67. 

Meanwhile, in case if a conventional crucible is 
used and the amount of the material powder initially 
charged in the conventional crucible is increased, a 
round expanded surface of the melt is formed down- 
wardly from the opening 25a of the nozzle portion 25. If 
the upper end surface of the melt is contacted to the 
upper end surface of the seed crystal 27, a good menis- 
cus is not formed. 

The producing apparatus shown in Fig. 14 is sub- 
stantially the same as that shown in Fig. 13, so that the 
same functional members are allotted with the same ref- 
erence numerals as in Fig. 13 and the explanations of 
Fig. 13 are referenced in Fig. 14. However, the produc- 
ing apparatus shown in Fig. 14 is not provided with the 
mechanism of supplying electric power to the crucible 
20 per se as used in the producing apparatus of Fig. 1 3, 
so that the crucible 20 per se is not heat-generated. 
However, in this case also, the raw material powder in 
the crucible 20 can satisfactorily be heated by adjusting 
the temperature of the upper furnace 2, or if necessary 
by providing and using a not shown radio frequency 
heat-generating mechanism around the crucible 20. 

Fig. 15 is a schematic cross-sectional view of an- 
other embodiment of the present producing apparatus. 
The same functional members as in Figs. 1 3 and 1 4 are 
allotted with the same reference numerals and explana- 
tions thereof are omitted. Also, the neighboring portions, 
such as, the upper and lower furnaces shown in Figs. 
13 and 14 are omitted in Fig. 15. In the producing appa- 
ratus shown in Fig. 15, electrodes of the electric power 
source 22A are connected to the upper end F and the 
substantially central portion G of the crucible 20, elec- 
trodes of the electric power source 22B are connected 
to the substantially central portion G and the lower end 
H of the crucible 20, and electrodes of an alternating 
current electric power source 22C are connected to the 
lower end H of the crucible 20 and the upper end I of the 
nozzle portion 25. The nozzle portion 25 is connected 
to an alternating current power source 22 through lead- 
ing wires. These electric power supplying mechanisms 
are separated from each other and constructed to con- 
trol its voltage independently. 

Fig. 16 is a schematic cross-sectional view of still 
another embodiment of the producing apparatus show- 
ing a shape of the crucible. A nozzle portion 1 69 extends 
downwardly from the lower end of the crucible 20 and 
has an opening 169a at the lower end. The single crystal 
fiber or plate 12 is pulled down from the opening 69a. 
The intake tube 23 extends upwardly in the crucible 20 
and has the intake hole 24 at the upper end. 

The crucible 20, the intake tube 23 and the nozzle 
portion 1 69 are respectively made of a corrosion-resist- 
ant electrically conductive material. Electrodes of the 
electric power source 22A are connected to the upper 
end B and the lower end C of the crucible 20. A circular 
shaped heat-generating member 170 is arranged 
around the nozzle portion 169. An electrode of the elec- 



tric power source 22 is connected to the upper end D of 
the heat-generating member 1 70 through a leading wire 
178 and the other electrode of the electric power source 
22 is connected to the lower end E of the heat-generat- 
5 ing member 170. These electric power supplying mech- 
anisms are separated from each other and constructed 
to control its voltage independently. 

In order to heat the nozzle portion, a not shown ra- 
dio frequency heat-generating mechanism may be pro- 
io vided around the nozzle portion, and the single crystal 
could be grown by precisely controlling the mechanism. 

If a direct current power source is connected to the 
nozzle portion 169, bubbles of gas are occasionally 
formed by electrolysis of the ionized melt. In such a 
is case, an alternating current power source has to be con- 
nected to the nozzle portion 169. However, if the circular 
heat-generating member 170 is arranged around the 
nozzle portion 169 as in this embodiment, a direct cur- 
rent power source may be connected to the heat-gen- 
20 eraling member 170. 

Fig. 17 is a schematic cross-sectional view of still 
another embodiment of the producing apparatus show- 
ing a shape of the crucible 150 used therein. A nozzle 
portion 25 extends downwardly from the lower end of a 
25 main body 77 of a crucible 1 50, while an intake tube 23A 
extends upwardly from the bottom of the crucible 1 50. 
In the main body 77 of the crucible 1 50, a partition wall 

71 which is circular viewed in plan view is disposed be- 
tween the inner wall of the main body 77 and the intake 

30 tube 23A to form a space 73 between the inner wall of 
the main body 77 and the partition wall 71 as well as a 
space 76 between the partition wall 71 and the intake 
tube 23A. The partition wall 71 may be fixed to the inner 
wall of the main body 77 at a portion not shown or may 

35 be fixed to an exterior member of the crucible 1 50. 

The lower end of the partition wall 71 is not contact- 
ed to the bottom 75 of the main body 77, so that a gap 
74 exists between the partition wall 71 and the main 
body 77. Therefore, if the raw material powder is 

40 charged in the space 73 from a raw material supply hole 

72 existing at the outside of the partition wall 71 , the raw 
material powder is melted in the space 73 and passed 
from the space 73 to the space 76 through the gap 74 
and rises in the space 76 and introduced in the intake 

45 tube 23A Irom the intake hole 24. 

Processing of a noble metal, such as, platinum to 
form the nozzle portion of a fine inner diameter of not 
more than 0.2 mm is usually difficult and much expen- 
sive. Therefore, the inventors have found out that such 

so a small nozzle portion of a fine inner diameter of not 
more than 0.2 mm can be produced by the following 
method. 

That is, the inventors produced such nozzle portion 
by forming a groove in a corrosion-resistant member 
55 made of a corrosion-resistant metal or a corrosion-re- 
sistant ceramics preferably of a plate shape, and adher- 
ing or joining the grooved member to the other corro- 
sion-resistant member preferably of a plate shape. In 
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such a nozzle portion, the groove serves as an elongat- 
ed passage of a fine diameter for the melt. 

At that time, the passage for the melt may be pre- 
pared by forming the groove in both the flat plates and 
integrally uniting the grooves when adhering the flat 
plates. Alternatively, the passage may be prepared by 
forming the groove in one flat plate, while leaving the 
other flat plate as it is, and adhering the two flat plates 
to obtain the passage formed by the groove in the flat 
plate. 

In addition, the inventors could produce a single 
crystal plate as described later in detail by forming a plu- 
rality of grooves in the nozzle portion to form the pas- 
sages for the melt and drawing the melt simultaneously 
from the passages. 

In these cases, preferably the grooves have respec- 
tively a width of 0.01-0.5 mm, and a spacing of 0.1 -TO 
mm. The grooves may have a square shape, a rectan- 
gular shape, V-shape or a half circular shape. 

Concrelely explaining, an elongated flat plate 78 is 
prepared as shown in Fig. 18 (a), and an elongated 
groove 79 is formed longitudinally in the flat plate 78 as 
shown in Fig. 18 (b). The same work is effected using 
another flat plate 78. Two sheets of such flat plates 78 
are adhered facing the grooves 79 to each other to pre- 
pare a nozzle portion 80 as well as a passage 81 in the 
nozzle portion 80 as shown in Fig. 18 (c). The nozzle 
portion 80 is joined to the bottom 82a of a crucible 82 
and the melt is flowed down in the passages 81 as 
shown in Fig. 18 (d). If such a means is used, a nozzle 
portion having a fine inner diameter of not more than 0.2 
mm for forming the single crystal fiber can easily be pre- 
pared. Of course, the nozzle portion may have an inner 
diameter of not less than 0.2 mm. 

Next, concrete shapes of the nozzle portion for pro- 
ducing the single crystal plate will be explained. The in- 
ventors have found out that in the u pulling down proc- 
ess the single crystal plate can be pulled down by pre- 
paring a flat surface of a plate shape corresponding to 
the cross-section of the single crystal plate, forming a 
plurality of elongated passages for the melt, drawing the 
melt simultaneously from the passages downwardly, 
and flowing and uniting the drawn melt along the flat sur- 
face. 

In this embodiment, the whole of the nozzle portion 
can be made to a plate shape. Also, the nozzle portion 
may have a tubular shape and a diameter expanded 
portion at the distal end and the distal end surface of the 
diameter expanded portion may have a flat suriace as 
described above. The nozzle portion may be made of a 
plurality of tubular members and the tubular members 
may be integrally joined to each other to form an integral 
flat surface composed of the distal end surfaces of the 
tubular members. 

For example, a plurality of rows of elongated paral- 
lel grooves 32 are formed in a flat plate 31 as shown in 
Fig. 4 (a). The same work is effected using another flat 
plate 31 Two sheets of such flat plates 31 are adhered 



to prepare a flat plate shaped nozzle portion 35 as well 
as passages 33 in the nozzle portion 35 as shown in 
Fig. 4 (b). The reference numeral 34 denotes a joint. 
The nozzle portion 35 is joined to the bottom of a 
5 rectangular crucible 37 as shown in Fig. 4 (c). The melt 
in the crucible 37 flows down in the respective passage 
33 of the nozzle portion 35 to flow out from the lower 
end of the respective passage 33. At that time, the melt 
flowed out from the lower end of the respective passage 
to 33 becomes integral and flowed on a flat bottom plate 
35a of the nozzle portion 35 and assumes a solid phase 
at immediate below the flat bottom plate 35a to allow the 
pulling of a plate shaped single crystal 36 downwardly 
from the nozzle portion 35. In this way, the small nozzle 
is portion 35 of a fine inner diameter for forming the single 
crystal plate can easily be prepared. 

In the embodiment shown in Fig. 19, a nozzle por- 
tion 83 were made of a plurality of tubular members 85. 
The tubular members 85 were arranged in a row such 
20 that their outer circumferential surfaces continue Trom 
each other. Though the crucible portion was omitted in 
Fig. 1 9, a crucible, such as, the crucible 37 as shown in 
Fig. 4 (c) may be used. The tubular members 85 have 
therein respectively a passage 84 for the melt and has 
2S an opening at the lower end bottom surface 85a thereof. 

The melt in the crucible flows down in the respective 
passage 84 of the respective tubular members 85 and 
flowed out therefrom to the lower end bottom surface 
85a. At that time, the melt flowed out from the respective 
30 passage 84 is made integral and flowed on the a flat end 
surface 87 composed of the bottom surfaces of the tu- 
bular members 85 to assume a solid phase at immediate 
below the flat end surface 87 thereby to allow the down- 
ward pulling of a plate shaped single crystal 86 from the 
35 nozzle portion 83. 

Also, the nozzle portion may have a diameter ex- 
panded portion at the distal end. Namely, if the nozzle 
portion is formed from a high melting point metal, such 
as, platinum, preferably the nozzle portion has a thick- 
40 ness of not more than 0.2 mm in order to heat-generate 
the nozzle portion by passing an electric power thereto. 
Also, the diameter of the passage in the nozzle portion 
has an upper limit, so that the outer diameter of the noz- 
zle portion has a limit. Meanwhile, the diameter of the 
4 $ single crystal fiber drawn from the nozzle portion is usu- 
ally not more than the outer diameter of the nozzle por- 
tion. As a result, the outer diameter of the nozzle portion 
is occasionally less than the outer diameter of the de- 
sired single crystal fiber, and in such a case the single 
50 crystal fiber can not be drawn. As a means for solving 
such a problem, the nozzle portion may be formed from 
the main body of a relatively small outer diameter and 
the diameter expanded portion of a relatively large outer 
diameter arranged at the distal end of the main body. 
55 Fig. 20 is a schematic cross-sectional view of an 
embodiment of the producing apparatus of the second 
aspect of the present invention. A nozzle portion 89 ex- 
tends downwardly from the lower end of the crucible 20. 
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The nozzle portion 89 is formed from a main body 90 of 
the nozzle portion 89 and a diameter expanded portion 
91 arranged at the lower end of the main body 90. The 
diameter expanded portion 91 has the single crystal 
growing section 26 arranged therein and an opening 
91 a from which the single crystal fiber 12 is pulled down 
as shown by the arrow J. The crucible 20, the intake 
tube 23, the main body 90 and the diameter expanded 
portion 91 of the nozzle portion 89 are respectively 
made of a corrosion-resistant electrically conductive 
material. The electrodes of the electric power source 
22A are connected to the portions B and C o1 the cruci- 
ble 20 and the electrodes of the electric power source 
22 are connected to the main body 90 of the nozzle por- 
tion 89 at, for example, portions D and E through the 
leading wires 68. 

Next, the embodiment of providing the diameter ex- 
panded portion at the distal end of the tubular nozzle 
portion, the distal end having the flat surface as de- 
scribed above, and pulling down the single crystal plate 
along the flat surface, will be illustrated. Fig. 21 is a 
schematic cross-sectional view of the embodiment of 
the producing apparatus. The nozzle portion extends 
downwardly from the lower end of the crucible 20. A 
main body 93 of the nozzle portion has a passage 93a 
formed therein and an opening 93b at the lower end of 
the passage 93a. 

A diameter expanded portion 94 is joined below the 
main body 93. The diameter expanded portion 94 has a 
substantially flat shaped outer shell 94a and a passage 
94c which extends in the vertical direction in the drawing 
formed in the flat shaped outer shell 94a. A multiple 
number of horizontal passages 94b are also formed in 
the outer shell 94a. The passages 94b are regularly 
formed in parallel to each other with a desired spacing 
and have respectively an opening 94d at the distal lower 
end. The diameter expanded portion 94 has a flat sur- 
face 95 formed at the lower side. 

The melt in the crucible 20 flows down in the pas- 
sage 93a ot the main body 93 of the nozzle portion, flows 
horizontally in the passage 94c and vertically in the re- 
spective passages 94b : and flows out from the respec- 
tive opening 94d. The melt flowed out from the respec- 
tive opening 94d becomes integral and flowed on the 
flat surface 95 and assumes a solid phase at immediate 
below a flat surface 95 thereby to allow the pulling of a 
plate shaped single crysta 1 96 downwardly from the noz- 
zle portion. 

Fig. 22 is a schematic cross-sectional view of an- 
other embodiment of the producing apparatus of the 
present invention for growing the single crystal. Fig. 23 
is a schematic plan view of the apparatus of Fig. 22. A 
crucible 101 of a substantially cylindrical shape is dis- 
posed in the melting furnace 99, and heating devices 
1 09 A, 1 09B and 1 09C are arranged to surround the cru- 
cible 101 from, for example, three directions. The cruci- 
ble 101 contains a melt 21. An electrode of the electric 
power source 22 A is connected to a port ion B of the cru- 



cible 1 01 through a leading wire, and the other electrode 
of the electric power source 22 A is connected to the low- 
er end C of the crucible 101. Though the shape of the 
bottom wall 101b is of a plate shaped in this embodi- 
5 ment, the shape may be changed variously as the case 
maybe. 

The melting furnace 99 accommodating the crucible 
101 is partitioned from the growing furnace by a heat 
insulating wall 98. A nozzle portion 104 is arranged at a 
io side wall 101a of the crucible 101 . The crucible 101 and 
the nozzle portion 104 are respectively made of a cor- 
rosion-resistant electrically conductive material. The 
nozzle portion 104 has a horizontal portion 104a pro- 
truded from the side wall 101a, a vertical portion 104b 
75 extending upwardly in the vertical direction, an inserting 
portion 104c inserted in a through-hole 98a of the heat 
insulating wall 98, and a distal end portion 104d extend- 
ing downwardly from the distal end of the inserting por- 
tion 1 04c. That is, the nozzle portion 1 04 has the vertical 
20 portion 104b extending upwardly viewed from a con- 
necting portion 103 connecting the nozzle portion 104 
and the crucible 101. The nozzle portion 104 is connect- 
ed to the electric power source 22 at desired portions, 
for example, L and M, so as to heat-generate the nozzle 
25 portion 104. 

Here, preferably the nozzle portion 104 is protruded 
from the crucible 101 between the surface level 21a of 
the melt and the bottom surface 102 of the crucible 101 
at a height not higher than the middle point of the two 
30 levels This is because, particularly when the raw mate- 
rial powder is supplied continuously or intermittently in 
the crucible, minute variations in the composition are 
likely occur to adversely influence over the composition 
of the oxide series single crystal, whereas the adverse 
35 influence of the continuous or spasmodic supply of the 
raw material powder over the composition of the oxide 
series single crystal can be prevented by protruding the 
nozzle portion 1 04 at a height not higher than the middle 
point of the surface level 21a and the bottom surface 
40 102 of the crucible 101. 

Heating devices 109A, 109B and 109C are heat- 
generated and the crucible 101 is heat-generated by 
passing an electric current therethrough to melt the raw 
material in the crucible 101. Temperature distributions 
45 in the nozzle portion 1 04 is suitably determined by pass- 
ing an electric current therethrough so that the raw ma- 
terial powder is not excessively stayed in nozzle portion 
104. Simultaneously, the thickness and the material of 
the heat insulating wall 98 : the temperatures of the heat- 
so ing devices and the temperature of the after-heater 1 07 
are suitably determined to optimize particularly the tem- 
perature distributions in the vicinity of the single crystal 
growing section 26 thereby to pull down the single crys- 
tal fiber or plate from the opening 26 of the nozzle por- 
ss tion. In this embodiment, the seed crystal 27 and the 
single crystal fiber 12, etc., are transported by the rollers 
67. 

In the single crystal producing apparatus shown in 
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Figs. 22 and 23 also, a flat surface may be formed at at 
least the lower distal end of the nozzle portion as de- 
scribed above, and the single crystal plate may be pulled 
downwardly along the flat surface. In this case also, a 
plate shaped nozzle portion may be used as described s 
above. However, in this embodiment, the nozzle portion 
itself is bent so that the drawing hole of the nozzle por- 
tion may exist at a higher position than the bottom sur- 
face of the crucible. At that time, the plate shaped nozzle 
portion may be bent, e.g., as shown in Figs. 22 and 23 io 
in the production thereof. 

The main body per se of the nozzle portion may 
have a shape of, e.g., tubular shape as shown in Fig. 
22, and the diameter expanded portion may be formed 
at the above described flat surface of the distal end of is 
the tubular nozzle portion, and the single crystal plate 
may be pulled down along the flat surface. This embod- 
iment will be illustrated with reference to Fig. 24. 

Fig. 24 is a schematic partial cross-sectional view 
of Ihe vicinity of the distal end portion of another nozzle 20 
portion viewed from the growing furnace in the single 
crystal producing apparatus shown in Figs. 22 and 23. 
The crucible and the melting furnace, etc., of the pro- 
ducing apparatus in this embodiment are the same as 
those described in Figs. 22 and 23. A main body 110 is 2s 
formed vertically downwardly at the outside of a 
through-hole 98a and has the diameter expanded por- 
tion 94 joined thereto. The main body 110 has a passage 
110a formed therein and an opening 110b formed at the 
lower end 30 

The shape of the diameter expanded portion 94 is 
the same as that shown in Fig. 21. The melt in the cru- 
cible 20 flows down in the passage 110a of the main 
body 110, horizontally in the passage 94c and vertically 
through the vertical passages 94b and out from the 35 
opening 94d. The melt flowed out Irom the respective 
opening 94d becomes integral and flows on the flat sur- 
face 95 and assumes a solid phase at immediate below 
the fat surface 95 thereby to allow the pulling of the plate 
shaped single crystal 96 downwardly from the nozzle 40 
portion. 

Hereinafter, the second aspect of the present inven- 
tion will be explained with reference to concrete exper- 
imental results. 

45 

Example 4 

Using the single crystal producing apparatus shown 
in Fig. 13, a KLN single crystal fiber was produced ac- 
cording to the present invention except that the nozzle so 
portion 89 shown in Fig. 20 was used as the nozzle por- 
tion. The temperatures in the whole furnace were con- 
trolled by moans of the upper furnace 2 and the lower 
furnace 3. The temperature gradient in the vicinity of the 
single crystal-growing section 26 was controlled by the ss 
supply of electric power to the nozzle portion 89 and 
heat-generation of the after-heater 66. For pulling down 
the single crystal fiber, a mechanism was used which 



pulls the single crystal fiber downwardly at a controlled 
uniform pulling rate in a range of 2-100 mm/hr in the 
vertical direction. 

Potassium carbonate, lithium carbonate and nio- 
bium oxide were reciped in a mol ratio of 30 : 20 : 50 to 
prepare a raw material powder. Around 50 g of the ma- 
terial powder were charged in a melting crucible 20 
made of platinum and the melting crucible 20 was set at 
a desired position in the furnace. The temperature in the 
space 10 of the upper furnace 2 was adjusted to a tem- 
perature of 1,1 00-1, 200°C to melt the raw material in 
the crucible 20. The temperature in the space 18 of the 
lower furnace 3 was uniformly controlled to a tempera- 
ture of 500-1 ,000°C. A desired electric power was sup- 
plied to the melting crucible 20, the nozzle portion 89 
and the after-heater 66 to perform the growing of the 
single crystal. At that time, the single crystal -growing 
section could be controlled to a temperature of 
1 ,050-1 , 1 50°C and a temperature gradient of 1 0-1 50° C/ 
mm. 

The nozzle portion 89 had outer and inner cross- 
sections of circular shapes. In particular, the main body 
90 had an outer diameter of 0.4 mm, an inner diameter 
of 0.2 mm and a length of 20 mm. The diameter expand- 
ed portion 91 had an outer diameter of 1 .0 mm, an inner 
diameter of 0.2 mm and a length of 2 mm. The melting 
crucible 20 had a circular shape in plan view and a di- 
ameter of 30 mm and a height of 30 mm. At this state, 
the single crystal fiber was pulled downwardly at a pull- 
ing rate of 20 mm/hr in the a axial direction to find out 
that a good KLN single crystal fiber could be pulled 
down. In the same manner, the single crystal fiber could 
be pulled down in the c axial direction. 

The thus grown single crystal fiber having a longi- 
tudinal and lateral size of 1 mm x 1 mm and a length of 
100 mm was examined with respect to the composition 
distribution of the single crystal fiber viewed in the length 
direction (grown direction). Concretely explaining, the 
single crystal fiber was irradiated at various portions in 
the longitudinal direction by a light beam. And the wave- 
length of the light beam emitted therefrom was meas- 
ured to detect an SHG phase matched wavelength . If 
there is even a slight variation in the composition of the 
KLN single crystal fiber, the SHG phase matched wave- 
length of the emitted light beam is varied by the variation 
in the composition. 

The result of the measurement showed that the 
wavelength was controlled within not more than 1 nm. 
So, the composition of the single crystal fiber could be 
controlled with a high precision of not more than 0.01 
mol % of composition when, which is a high precision 
never attained before as a KLN single crystal. The wave- 
length conversion efficiency of the KLN single crystal fib- 
er was substantially the same with the theoretical value 
with an error of not more than ± 2 % which is within the 
range of measuremental error. 
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Example 5 

In the same manner as in Example 4, a KLN single 
crystal fiber was grown except that a raw material feed- 
ing mechanism was used in the furnace, which intermit- 
tently feeds the raw material in the melting crucible 20. 
Also, a cutting mechanism was arranged below the fur- 
nace, which intermittently cuts the single crystal fiber to 
a desired length to continuously grow the single crystal 
fiber. With the progress of the growing of the single crys- 
tal fiber, the raw material powder was fed in the melting 
crucible in an amount corresponding to the amounts of 
the components drawn and evaporated from the melting 
crucible. In this way, a single crystal fiber of a length of 
around 10 m was continuously formed and the variation 
in the composition thereof was measured in the same 
manner as in Example 4. As a result, the variation in the 
composition of the single crystal fiber could be control- 
led within not more than 0.01 mol % over the entire 
length of around 10 m. 

Example 6 

The nozzle portion 35 and the crucible 37 as shown 
in Fig. 4 were used to succeed in pulling down a KLN 
single crystal plate of a thickness of 1 mm and a width 
of 30 mm. However, a platinum plate of a size of 30 mm 
x 30 mm x 0.6 mm was used as the plate 31. Grooves 
32 each having a width of 0.1 mm were formed with a 
spacing of 5 mm in the platinum plate 31 by mechanical 
cutting using a dicing machine. A plate shaped nozzle 
portion of a thickness of 1 .2 mm was prepared by joining 
two sheets of the platinum plate. The melt was flowed 
outfromthe respective passage of the melt as explained 
above with reference to Figs. 4(a)-4(c). The SHG phase 
matched wavelength and the wavelength conversion ef- 
ficiency in the single crystal plate were measured to ob- 
tain the same values as those of the above described 
single crystal fiber. 

Example 7 

The present invention was applied to a method of 
growing a single crystal of neodymium substituted 
LiNb0 3 . However, the amount of neodymium substitut- 
ed in this system was around 0.3 mol %, if a method, for 
example, a CZ method was used. 

Neodymium oxide, lithium carbonate and niobium 
oxide were reciped in a mol ratio of 1 : 49 : 50 to prepare 
a raw material powder. The same apparatus as in Ex- 
ample 4 for producing the single crystal fiber was used. 
Around 50 g of the material powder were fed in the melt- 
ing crucible 20 and the melting crucible 20 was set at a 
desired position in the lurnace. The temperature in the 
space 1 0 of the upper furnace 2 was adjusted to a tem- 
perature of 1, 250-1, 350°C to melt the raw material in 
the melting crucible 20. The temperature in the space 
18 of the lower furnace 3 was uniformly controlled to a 



temperature of 500-1 ,200°C. A desired electric power 
was fed to the crucible 20, the nozzle portion 89 and the 
after-heater 66 to grow the single crystal. 

At that time, the single crystal growing section was 
5 controlled to a temperature of 1 ,200-1 ,300°C and to a 
temperature gradient of 10-150°C/mm. At this state, the 
single crystal fiber was pulled downwardly at a pulling 
rate of 20 mm/hr to find out that a good Nd-LiNb0 3 single 
crystal fiber can be drawn down. 
io The thus grown single crystal fiber having a longi- 
tudinal and lateral size of 1 mm x 1 mm and a length of 
100 mm was elementary analyzed by EPMA with re- 
spect to the composition distribution viewed in the length 
direction (grown direction). As a result, it was found that, 
15 the proportion of neodymium in the composition of the 
single crystal fiber could be controlled to 1 .0 mol % with 
an error of not more than ±2 % which is a high precision 
within a detectable limit. From, Nd laser oscillation ex- 
periment, a three times or more of the output and a sharp 
20 wavelength properly as compared with a sample pre- 
pared by a CZ method were obtained. 

Example 8 

25 Using the single crystal producing apparatus shown 

in Figs. 22 and 23, a KLN single crystal fiber was pro- 
duced according to the aforedescribed method. Potas- 
sium carbonate, lithium carbonate and niobium oxide 
were reciped in a mol ratio of 30 : 20 : 50 to prepare a 
30 raw material powder. Around 50 g of the raw material 
powder were charged in a melting crucible 101 made of 
platinum and the melting crucible 101 was set at a de- 
sired position in the furnace. The temperatures in the 
melting furnace 99 was controlled by the heating devic- 
es es 109 A, 109B and 109C and the temperature in the 
growing furnace 100 side was controlled by a heating 
device 108. The temperature gradient in the vicinity of 
the single crystal growing section was controlled by the 
supply of electric power to a nozzle portion 104 and 
40 heat-generation of the after-heater. The single crystal 
fiber moving mechanism could pull down the single crys- 
tal fiber at a controlled uniform drawing rate of 2-100 
mm/hr in the vertical direction. 

The temperature in the melting furnace was control- 
's led to a temperature ol 1 : 100-1 ,200° C to melt the raw 
material in the crucible. The temperature in the growing 
furnace 100 was uniformly controlled to a temperature 
of 500-1,000 °C. The crucible 101, the nozzle portion 
1 04 and the after-heater 1 07 were respectively supplied 
so with a desired electric power to optimize the tempera- 
ture thereof for performing the growth of the single crys- 
tal. At that time, the single crystal growing section 26 
could be controlled to a temperature of 1,050-1 ,150°C 
and a temperature gradient of lO-150°C/mm. 
ss The nozzle portion 104 had outer and inner cross- 
sections of circular shapes, an outer diameter of 1 mm, 
an inner diameter of 0.8 mm and a length of around 50 
mm. The nozzle portion 104 was extended in the hori- 
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zontal direction from around the middle portion between 
the surface level 21a of the melt in the crucible 101 and 
the bottom surface 102. The crucible 101 had a circular 
shape in plan view, a diameter of 30 mm and a height 
of 30 mm. At this state, the single crystal fiber was pulled 
downwardly at a pulling rate of 20 mm/hr in the a axial 
direction to find out that a good KLN single crystal fiber 
can be pulled down. In the same manner, the single 
crystal fiber can be pulled down in the c axial direction. 

The thus grown single crystal fiber having a longi- 
tudinal and lateral size of 1 mm x 1 mm and a length of 
100 mm was examined with respect to the composition 
distribution viewed in the length direction (grown direc- 
tion) in the same manner as in Example 4. The result of 
the measurement shows that the wavelength was con- 
trolled within not more than 1 nm. So, the composition 
of the single crystal fiber could be controlled with a high 
precision of not more than 0.01 mol % of composition, 
which is a high precision never attained before as a KLN 
single crystal. The wavelength conversion efficiency of 
the KLN single crystal fiber was substantially the same 
with the theoretical value with an error of not more than 
±2% which is within the range of measuremental error. 

Example 9 

In the same manner as in Example 8, a KLN single 
crystal fiber was grown except that a raw material feed- 
ing mechanism was used in the furnace, which intermit- 
tently feeds the raw material in the melting crucible. Al- 
so, a cutting mechanism was arranged below the fur- 
nace, which intermittently cuts the single crystal fiber to 
a desired length to continuously grow the single crystal 
fiber. 

With the progress of the growing of the single crystal 
fiber, the amount of the melt in the crucible was de- 
creased. Here, the raw material powder was fed in the 
melting crucible such that the liquid surface of the melt 
exists at a level about 0.5+0.1 mm higher than the distal 
end of the nozzle portion. In this way, a single crystal 
fiber of a length of 10 m was continuously formed and 
the variation in the composition was measured in the 
same manner as in Example 4. As a result, the variation 
in the composition of the single crystal fiber could be 
controlled to not more than 0.01 mol % over the entire 
length of around 10 m. 



plate, the amount of the melt in the crucible was de- 
creased. Here, the raw material powder was fed in the 
melting crucible such that the liquid surface of the melt 
exists at a level about 2.0±0. 1 mm higher than the distal 
5 end of the nozzle portion. The SHG phase matched 
wavelength and the conversion efficiency were meas- 
ured to obtain the same values as those of the single 
crystal fiber. 

10 Example 11 

The present invention was applied to a method of 
growing a single crystal of a solid solution of neodymium 
substituted LiNb0 3 in the same manner as in Example 

15 8. Neodymium oxide, lithium carbonate and niobium ox- 
ide were reciped in a mol ratio of 1 : 49 : 50 to prepare 
a raw material powder. Around 50 g ol the raw material 
powder were charged in a melting crucible 101 made of 
platinum. The temperature in the melting furnace was 

20 controlled to a temperature of 1 ,250-1 ,350°C to melt the 
raw material in the crucible 1 01 . The temperature in the 
growing furnace 100 was uniformly controlled to a tem- 
perature of 500-1 ,200°C. Desired electric powers were 
supplied to the melting crucible 101, the nozzle portion 

25 104 and the after-heater 107 to optimize the tempera- 
ture gradient at the respective portion to perform the 
growth of the single crystal. At that time, the single crys- 
tal growth section could control to a temperature of 
1 ,200-1, 300°C and a temperature gradient of 10-50°C/ 

30 mm. 

At this state, the single crystal fiber was pulled 
downwardly at a pulling rate of 20 mm/hr to find out that 
a good single crystal fiber could be pulled down. 

The thus grown single crystal fiber having a longi- 

35 tudinal and lateral size of 1 mm x 1 mm and a length of 
100 mm was elementary analyzed by EPMA with re- 
spect to the composition distribution of the single crystal 
fiber viewed in the length direction (grown direction). As 
a result, it was found out that, the proportion of neodym- 

40 ium in the composition of the single crystal fiber could 
be controlled to 1 .0 mol % with an error of not more than 
± 2 % which is a high precision within a detectable limit. 
From Nd laser oscillation experiment, a three times or 
more of the output and a sharp wavelength property as 

45 compared with a sample prepared by a CZ method were 
obtained. 



Example 10 

The growing of the single crystal was performed in 
the same manner as in Example 5 using the nozzle por- 
tion shown in Fig. 24 to succeed in pulling down a KLN 
single crystal plate of a thickness of 1 mm and a width 
of 30 mm. The diameter expanded portion 94 was made 
of a platinum plate of a height of 3 mm, a width of 30 
mm and a thickness of 1 mm. The passages 94b had 
respectively a width of 0.5 mm and a spacing of 3 mm. 

With the progress of the growing of the single crystal 



Comparative Example 1 

so Using a conventional growth apparatus, a KLN sin- 

gle crystal fiber as same that of Example 4 was pro- 
duced. The amount of the raw material powder charged 
in the melting crucible was 50 mg. The melting crucible 
was made of platinum. The temperature in the space 10 

55 of the upper furnace 2 was adjusted to a temperature of 
1,1 00-1 ,200° C to melt the raw material powder in the 
crucible. The temperature in the space 18 of the lower 
furnace 3 was uniformly controlled to a temperature of 
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500-1 ,000°C. Desired electric power was supplied to 
the melting crucible in an effort of controlling the growth 
and pulling down the single crystal from the intake hole 
or drawing hole. At this state, the single crystal fiber was 
drawn at a drawing rate of 20 mm/hr to obtain a KLN 
single crystal fiber. 

The thus grown single crystal fiber having a longi- 
tudinal and lateral size of 1 mm x t mm and a length of 
100 mm was examined with respect to the composition 
distribution viewed in the length direction (grown direc- 
tion) in the same manner as in Example 4. As a result, 
the SHG phase matched wavelength had a variation of 
50 nm in the wavelength which corresponds to a high 
variation of exceeding 1.0 mol % in the composition 
when calculated by conversion which is a practically un- 
acceptable level. 

Comparative Example 2 

In Comparative Experiment 1, the raw material 
powder was periodically supplied to the melting crucible 
in an amount corresponding to the amounts of the com- 
ponents drawn and evaporated from the melting cruci- 
ble in an effort of continuously growing the single crystal 
fiber. However, once the raw material powder was sup- 
plied to the melting crucible, the thermal equilibrium 
state in the melting crucible was largely unbalanced, so 
that the continuous growing of the single crystal fiber 
became impossible. 

Comparative Example 3 

In Comparative Experiment 1, a crucible of a larger 
size was used and the amount ol the raw material pow- 
der initially charged in the crucible was increased to 5g. 
The temperatures in the whole furnace were controlled 
by the upper furnace and the lower furnace, and electric 
power was supplied to the crucible to control the growth 
and the pulling down of the single crystal from the draw- 
ing hole. 

However, though a larger electric power had to be 
supplied tothe crucible to improve the melting of the raw 
material powder in the crucible if the temperature in the 
upper furnace was adjusted to a tow temperature of 
500-900°C, the larger output of the electric power re- 
sulted in non-crystallization of the melt. Meanwhile, if a 
smaller electric power was supplied to the crucible, the 
melt was solidified before the drawing thereof from the 
drawing hole. Thus, a condition for pulling down the sin- 
gle crystal could not be found. 

In the meantime, if the upper furnace was controlled 
to a temperature of not less than 900° C, the temperature 
gradient necessary for the crystallization could not be 
retained in the vicinity of the drawing hole which is the 
crystal growing point by the radiant heat from the fur- 
nace body, so that the pulling of the single crystal fiber 
downwardly was impossible also in this case. 

Hereinafter, embodiments of the third aspect ol the 



present invention will be explained in more detail with 
reference to the drawings. 

Fig. 25 is a schematic cross-sectional view of the 
producing apparatus for growing a single crystal. Fig. 

5 26 is an enlarged schematic cross-sectional view of the 
single crystal growing furnace. Figs. 27 (a) and 27 (b) 
are schematic cross-sectional views of the single crystal 
growing section. 

A melting crucible 112 is disposed in the interior of 

io the furnace body. The upper furnace 2 is arranged to 
enclose the crucible 112 and its upper space 10. The 
upper furnace 2 has a heater 4A embedded therein. A 
nozzle portion 113 extends downwardly from the lower 
end of the crucible 1 1 2 and an opening 1 1 3a is provided 

is at the lower end of the nozzle portion. A crucible 1 1 5 for 
growing the single crystal is disposed at immediate be- 
low an opening 11 3a of the nozzle portion 113. A single 
crystal growing crucible 115 is disposed at the neigh- 
bourhood of the boundary portion between the upper 

20 furnace 2 and the lower furnace 3. The lower furnace 3 
is arranged to enclose the single crystal fiber drawing 
portion and its surrounding space 1 B. The lower furnace 
3 has a heater 4B embedded therein. Of course, such 
an arrangement of the heating furnace may be changed 

25 variously. 

The melting crucible 112, the nozzle portion 1 1 3 and 
the single crystal growing crucible 115 are respectively 
made of a corrosion-resistant electrically conductive 
material. An electrode of the electric power source 22A 

30 is connected to a portion O of the melting crucible 112 
through a leading wire and the other electrode of the 
power source 22A is connected to a portion P of the 
melting crucible 112. An electrode of the electric power 
source 22B is connected to the upper end T of the nozzle 

35 portion 1 1 3 and the other electrode of the power source 
22B is connected to the lower end Q of the nozzle por- 
tion 113. 

Similarly, an electrode ol the electric power source 
22C is connected to an end portion R of the single crystal 

40 growing crucible 1 1 5 through a leading wire and the oth- 
er electrode of the power source 22C is connected to a 
portion S of the single crystal growing crucible 115. 
These electric power supplying mechanisms are sepa- 
rated from each other and constructed to control its volt- 

45 age independently. The after-heater 66 is arranged be- 
low the single crystal growing crucible 1 1 5 in the space 
18. 

In case if the temperature gradient of the nozzle por- 
tion is already optimized by the furnace body (the heat- 

50 generating member and the refractive material), the af- 
ter-heater 66 is not indispensable and may be omitted. 

The temperature distributions in the spaces 10, 18 
are suitably determined by the heat-generation of the 
upper furnace 2 and the lower furnace 3, the raw mate- 

55 rial for the melt is fed in the melting crucible 112, and 
electric power is supplied to the melting crucible 112, 
the nozzle portion 113 and the single crystal growing 
crucible 1 1 5 to heat generate them respectively thereby 
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to melt the raw material in the melting crucible 112 to 
form a melt 21. The melt 21 is flowed down through the 
passage 114 in the nozzle portion 113, while retaining 
its melted state by means of the heat-generation of the 
nozzle portion 1 1 3 and the after-heater 66. s 

The melt is flowed in the single crystal growing cru- 
cible 115 from the opening 113a. The melt 116 is stayed 
in the single crystal growing crucible 115. 

Alternatively, the melt flowed from the opening 11 3a 
may be solidified at immediate below the opening 11 3a io 
to assume a polycrystalline body, and the fiber or plate 
made of the polycrystalline body may be continuously 
fed in the single crystal growing crucible 115 in which 
the fiber or plate may be melted. 

At the stage before starting the pulling down of the is 
single crystal fiber, the melt 1 1 6 is slightly protruded from 
the opening n 8a at the single crystal growing section 
1 1 7 existing at the end portion of the nozzle portion 1 1 3 
and retained by its surface tension to form a relatively 
flat surface 121 . 20 

Different from the melting crucible 112 which per- 
forms the melting of the raw material, the single crystal 
growing crucible 1 1 5 does not perform the melting of the 
raw material and is smaller in size than the melting cru- 
cible 112. In the small crucible 1 1 5, the melt 1 1 6 is drawn 25 
by the surface tension along the shape of the vertical 
inner side wall 115a and the bottom surface 115b to as- 
sume an inwardly recessed liquidus surface 1 20. There- 
fore, the gravity acting on the melt 116 in the nozzle por- 
tion 11 8 is largely decreased by the contact of the melt 30 
to the inner wall surfaces 115a and 115b of the single 
crystal growing crucible 115. 

At this state, the seed crystal 27 is moved upwardly 
as shown by the arrow T to contact its upper end surface 
27a with the lower surface 121 of the melt 116. At that 35 
time, a uniform meniscus 1 22 is formed between the up- 
per end of the seed crystal 27 and the lower end of the 
melt 116 drawn downwardly from the opening 118a of 
the nozzle portion 118. 

As a result, a single crystal fiber 12 is continuously 40 
formed on the seed crystal 27 and pulled downwardly. 
In this embodiment, the seed crystal 27 and the single 
crystal fiber 12 are pulled down by the rollers 67. 

Meanwhile, in case if the amount of the material 
powder supplied to the crucible is increased according 45 
to a conventional method, an expanded portion of the 
melt is formed downwardly from the opening 1 1 8a of the 
crucible. Moreover, if the weight of the material powder 
is large, the melt is flowed when the material powder is 
melt, and a good meniscus cannot be formed when the so 
end surface 27a of the seed crystal 27 is contacted with 
the melt. 

Fig. 28 is a schematic cross-sectional view of an- 
other embodiment ol the producing apparatus for grow- 
ing the single crystal showing the shape of the crucibles, ss 
In Fig. 28 the same functional members are allotted with 
the same reference numerals as those of Fig. 25 and 
the same explanations are used. 



The nozzle portion 113 extends downwardly from 
the lower end ol the melting crucible 112 and has the 
opening 11 3a at the lower end. The melt or its solidified 
body is continuously fed from the opening 113a to the 
single crystal growing crucible 115. 

The melting crucible 1 1 2 and the nozzle portion 1 1 3 
are respectively made of a corrosion resistant material. 
The electrodes of the electric power source 22A are con- 
nected to the upper end portion O and the lower bent 
portion P. A circular heat-generating member 114 is ar- 
ranged around the nozzle portion 113. An electrode of 
the electric power source 22B is connected to the upper 
end portion T of the heat-generating member 114 and 
the other electrode of the electric power source 22B is 
connected to the lower end Q of the heat-generating 
member 114. These electric power supplying mecha- 
nisms are separated from each other and constructed 
to control its voltage independently. 

A radio frequency induction heating mechanism not 
shown may be provided around the nozzle portion 113 
to heat the same thereby to control the supply of the 
melt. 

In the above described embodiments, a circular 
shaped nozzle portion was used as the nozzle portion 
of the melting crucible as well as as the nozzle portion 
of the single crystal growing crucible. However, such a 
circular shaped nozzle portion is generally much expen- 
sive in processing. For example, the nozzle portion hav- 
ing a small inner diameter is difficult to produce by 
processing a material made of a noble metal, such as, 
platinum. 

Therefore, the inventors produced the nozzle por- 
tion by forming a groove in a corrosion-resistant mem- 
ber made of a corrosion-resistant metal or a corrosion- 
resistant ceramics, and adhering or joining the grooved 
member to the other corrosion-resistant member. In 
such a nozzle portion, the groove serves as the elon- 
gated minute diameter passage for the melt. The 
grooved member should have a flat surface on the side 
in which the groove is formed, and is preferably a flat 
plate shaped. 

At that time, the passage for the melt may be pre- 
pared by forming the groove in both the flat plates and 
integrally uniting the grooves when adhering the flat 
plates. Alternatively, the passage may be prepared by 
forming the groove in one flat plate, while leaving the 
other flat plate as it is, and adhering the two flat plates 
to obtain the passage formed by the groove in the flat 
plate. The nozzle portion prepared in this way can be 
used for the crucible for melting the raw material as well 
as for the single crystal growing crucible. 

In addition, in using the single crystal growing cru- 
cible the inventors could produce a single crystal plate 
by forming a plurality of grooves in parallel to each other 
in the nozzle portion thereby to form the passages for 
the melt, and drawing the melt from the passages. 

If the nozzle portion is used for the single crystal 
growing crucible, preferably the grooves have respec- 
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tively a width of 0.01-0.5 mm, and a spacing of 0.1-10 
mm. The grooves may have a square, a rectangular, V- 
shape or a halt circular shape. 

Concretely explaining, an elongated flat plate 121 
is prepared as shown in Fig. 29 (a), and an elongated 
groove 1 22 is formed longitudinally in a flat plate 1 21 as 
shown in Fig. 29 (b). The same work is effected using 
another flat plate 121. The two flat plates 121 are ad- 
hered facing the grooves 122 to each other to prepare 
a nozzle portion 1 23 as well as passages 1 24 in the noz- 
zle portion 123 as shown in Fig. 29 (c). 

The nozzle portion 1 23 is joined to the bottom 1 25a 
of the crucible 125 and the melt is flowed down in the 
passages 124 as shown in Fig. 29 (d). If such a means 
is used, the nozzle portion for forming the single crystal 
fiber can easily be prepared. The crucible having such 
a nozzle portion may be used as the melting crucible as 
well as as the single crystal growing crucible. 

Next, concrete shapes of the nozzle portion for pro- 
ducing the single crystal plate will be explained with ref- 
erence to preferred embodiments. A plurality of elongat- 
ed grooves 127 in parallel to each other are formed in 
a flat plate 126 as shown in Fig. 30 (a). The same work 
is effected using another flat plate 126. The two flat 
plates 126 arc adhered facing the grooves 127 to each 
other to prepare a flat shaped nozzle portion 1 28 as well 
as a plurality of passages 1 30 in the nozzle portion 1 28 
as shown in Fig. 30 (b). The reference numeral 129 de- 
notes a joint. 

The nozzle portion 1 28 is joined to the bottom of a 
rectangular melting crucible 1 31 as shown in Fig. 30 (c). 
The melt 21 in a crucible 131 flows down in the respec- 
tive passage 130 of the nozzle portion 128 to flow out 
from the lower end of the respective passage 130. At 
that time, the melt flowed out from the lower end o1 the 
respective passage 1 30 becomes integral and flowed 
on the bottom plate 1 28a of the nozzle portion 1 28, and 
the integral flow of a shape of a plate 132 made of the 
melt or the polycrystalline is fed to the single crystal 
growing crucible. 

In the embodiment shown in Fig. 31 , a plurality of 
tubular members 1 34 are used as the respective nozzle 
portion and arranged such that their outer circumferen- 
tial surfaces continue from each other. Though the cru- 
cible portions were omitted in Fig. 31, a crucible, such 
as, the crucible 1 31 as shown in Fig. 30 (c) may be used. 
The tubular members 134 have therein respectively a 
passage 1 33 for the melt and has an opening at the low- 
er bottom end surface 1 34a thereof. 

The melt in the crucible flows down in the respective 
passage 133 of the respective tubular nozzle portions 
1 34 and flowed out therefrom. At that time, the melt 
flowed from the respective passage 1 33 is made integral 
and flowed on the bottom end surface 1 34a of the nozzle 
portions 1 34 to become a flat plate 1 32 and fed to the 
single crystal growing crucible. 

A nozzle portions of the same shape but shorter 
length could be used as the nozzle portion ol the lower 
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single crystal growing crucible to stably produce a single 
crystal plate similarly as in the case of the above de- 
scribed single crystal fiber. 

Hereinafter, the present invention will be explained 
s with reference to more concrete experimental results. 

Example 12 

Using the single crystal producing apparatus shown 
io in Fig. 25, a KLN single crystal fiber was produced ac- 
cording to the present invention. The temperatures in 
the whole furnace were controlled by means of the up- 
per furnace 2 and the lower furnace 3. The temperature 
gradient in the neighbourhood of the single crystal grow- 
75 jng section was controlled by the supply of electric pow- 
er to the single crystal growing crucible 115 and heat- 
generation of the after-heater 66. For pulling down the 
single crystal fiber a mechanism was used which pulls 
the single crystal fiber downwardly at a controlled uni- 
20 form pulling rate in a range of 2-100 mm/hr in the vertical 
direction. 

Potassium carbonate, lithium carbonate and nio- 
bium oxide were reciped in a mol ratio of 30 : 20 : 50 to 
prepare a raw material powder. Around 50 g of the ma- 

2S terial powder were fed in the melting crucible 1 22 made 
of platinum and the melting crucible 122 was set at a 
desired position in the furnace. The nozzle portion 113 
had outer and inner cross-sections of circular shapes 
and an outer diameter of 1 mm, an inner diameter of 0.3 

30 mm and a length of 20 mm. The melting crucible had a 
circular shape in plan view and a diameter of 30 mm and 
a height of 30 mm. The single crystal growing crucible 
had a size capable of containing Ig of the raw material. 
A tube of an outer diameter of 1 .2 mm, an inner diameter 

35 of 0.8 mm and a length of 2 mm were used for the nozzle 
portion. 

The temperature in the space 10 of the upper fur- 
nace 2 was adjusted to a temperature of 1 , 1 00-1 ,200°C 
to melt the raw material in the crucible 112. The temper- 

40 ature in the space 18 of the lower furnace 3 was uni- 
formly controlled to a temperature of 500-1 ,000°C. De- 
sired electric powers were supplied to the melting cru- 
cible and the nozzle portion to control the supply of the 
melt to the single crystal growing crucible 115. Electric 

45 power was controlledly supplied to the after-heater 66 
and the single crystal growing furnace. As a result, the 
single crystal growing section could be controlled to a 
temperature of 1 : 050-1 ,1 50°C and to a temperature gra- 
dient of 10-150°C/mm. 

so At this state, the single crystal fiber was pulled 
downwardly at a pulling rate of 20 mm/hr to find out that 
a good KLN single crystal fiber could be drawn down. 

The thus grown single crystal fiber having a longi- 
tudinal and lateral size of 1 mm x 1 mm and a length of 

55 too mm was examined with respect to the composition 
distribution of the single crystal fiber viewed in the length 
direction (grown direction). Concretely explaining, the 
single crystal fiber was irradiated at various portions in 
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the longitudinal direction by a light beam, and the wave- 
length of the light beam emitted therefrom was meas- 
ured to detect an SHG phase matched wavelength. If 
there is even a slight variation in the composition of the 
KLN single crystal fiber, the SHG phase matched wave- 
length of the emitted light beam is varied by the variation 
in the composition. 

The result of the measurement shows that the 
wavelength was controlled within not more than 1 nm. 
So, the composition of the single crystal fiber could be 
controlled with a high precision of not more than 0.01 
mol % of composition, which is a high precision never 
attained before as a KLN single crystal. The wavelength 
conversion efficiency of the KLN single crystal fiber was 
substantially the same with the theoretical value with an 
error of not more than + 2 % which is within the range 
of measuremental error. 

Example 1 3 

In the same manner as in Example 1 2, a KLN single 
crystal fiber was grown except that a raw material feed- 
ing mechanism was used in the furnace, which intermit- 
tently feeds the raw material in the melting crucible 1 1 2. 
Also, a cutting mechanism was arranged below the fur- 
nace, which intermittently cuts the single crystal fiber to 
a desired length to continuously grow the single crystal 
fiber. With the progress of the single crystal fiber, the 
raw material powder was periodically fed in the melting 
crucible in an amount corresponding to the amounts of 
the components pulled down out and evaporated from 
the melting crucible. In this way, a single crystal fiber of 
a length of around 10 m was continuously formed and 
the variation in the composition thereof was measured 
in that same manner as in Example 12. As a result, the 
variation in the composition of the single crystal fiber 
could be controlled within not more than 0.01 mol % over 
the entire length of around 10 m. 

Example 14 

The nozzle portion 128 and the crucible 131 as 
shown in Fig 30 were used to succeed in pulling down 
a KLN single crystal plate of a thickness of 1 mm and a 
width of 30 mm. However, a platinum plate of a size of 
30 mm x 30 mm x 0.6 mm was used as the plate 126. 
Grooves 127 each having a width of 0.1 mm were 
formed with a spacing of 5 mm in the platinum plate 1 26 
by mechanical cutting using a dicing machine. A plate 
shaped nozzle portion of a thickness of 1 .2 mm was pre- 
pared by joining two sheets of the platinum plate. Par- 
allely arranged tubular nozzles as shown in Fig. 31 con- 
sisting of 30 tubes of an outer diameter of 1 mm and an 
inner diameter of 0.6 mm and a length of 2 mm parallely 
arranged in a row were used as the nozzle portion of the 
single crystal growing crucible. The melt was flowed 
from the passages of the melt as explained above with 
reference to Figs. 30 (a) and (c). The SHG phase 



matched wavelength and the wavelength conversion ef- 
ficiency in the interior of the single crystal plate were 
measured to obtain the same values as in the case of 
the above described single crystal fiber. 

5 

Example 15 

The present invention was applied to a method of 
growing a single crystal of neodymium substituted in 
io LiNb0 3 . However, the amount of substituted neodym- 
ium in this system was around 0.3 mol %, if a method, 
for example, a CZ method was used. 

Neodymium oxide, lithium carbonate and niobium 
oxide were reciped in a mol ratio of 1 : 49 : 50 to prepare 
15 a raw material powder. The same apparatus as in Ex- 
ample 12 lor producing a single crystal fiber was used. 
Around 50 g of the material powder were fed in the melt- 
ing crucible 1 1 2 and the melting crucible 1 1 2 was set at 
a desired position in the furnace. The temperature in the 
20 space 10 of the upper furnace 2 was adjusted to a tem- 
perature of 1, 250-1, 350°C to melt the raw material in 
the melting crucible 112. The temperature in the space 
18 of the lower furnace 3 was uniformly controlled to a 
temperature of 500-1, 200°C. The temperature gradient 
2S i n the neighbourhood of the single crystal growing sec- 
tion was controlled by the supply of electric power to the 
nozzle portion 113, the single crystal growing furnace 
115 and the heat-generation of the after-heater 66. 
At that time, the single crystal growing section was 
30 controlled to a temperature of 1 ,200-1 ,300°C and to a 
temperature gradient of 10-150°C/mm. At this state, the 
single crystal fiber was pulled downwardly at a pulling 
rate of 20 mm/hr to find out that a good KLN single crys- 
tal fiber could be pulled down. 
35 The thus grown single crystal fiber having a longi- 
tudinal and lateral size of 1 mm x 1 mm and a length of 
100 mm was elementary analyzed by RPMA with re- 
spect to the composition distribution of the single crystal 
fiber viewed in the length direction (grown direction). As 
^0 a result, it was found that, the proportion of neodymium 
in the composition of the single crystal fiber could be 
controlled to 1 .0 mol % with an error of not more than ± 
2 % which is a high precision within a detectable extent. 
Also, the comparative experiments 1 , 2 and 3 same 
45 as described above were repeated. 

Hereinafter, embodiments of the fourth aspect of 
the present invention will be explained. 

In the Tourth aspect of the present invention, more 
preferably a laser beam is irradiated to an oxide series 
50 single crystal having the effect of second harmonic gen- 
eration and detected the SHG wave generation. As such 
an oxide series single crystal, use may be made of pub- 
licly known oxide series single crystals. Particularly pref- 
erable are those, such as, KLN, KLTN, or KN, etc., which 
55 generates a blue light beam by SHG or those, such as, 
CLBO, BBO, LBO, etc., which generates a ultra violet 
ray. Of course, the present invention is applicable to a 
more higher degree of wavelength conversion, such as, 
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a third harmonic wave, or a fourth harmonic wave. 

If the laser beam irradiated to the oxide series single 
crystal has a range of wavelength including a wave- 
length corresponding to the purposed composition, the 
emitted light beam from the oxide series single crystal 
may be analyzed by a spectrum analyzer to detect the 
respective intensity of the respective wavelength in the 
desired range of wavelength. 

Concretely explaining, assuming that the light beam 
corresponding to the purposed composition has a wave- 
length W and the laser beam has light beams of wave- 
lengths between VI and X2 in Fig. 32, the intensities of 
the laser beams between the wavelengths X^ and X2 
are detected by a spectrum analyzer. If the oxide series 
single crystal pulled down from the drawing hole of the 
crucible has a desired composition, the laser beam has 
a maximum value V at the wavelength XO. However, with 
the progress of the production, the thermal state of the 
oxide series single crystal at the drawing hole and the 
effect of gravity, etc., are a little changed, and the peak 
wavelength XO is shifted little towards the wavelength 
direction of ?i1 or X2. Accompanying to such a shifting, 
the whole of the curve W is shifted little to the direction 
of the arrow Y or the arrow H in the graph. 

Therefore, at the stage of pulling down the oxide 
series single crystal, if the composition of the single 
crystal is varied then the peak wavelength of the emitted 
light beam may be varied. So, the change of the peak 
wavelength may be detected immediately and feed 
backed to the raw material feeding device. 

If the light beam receiving device can not detect the 
distribution of the wavelength components as a photo- 
diode, the intensity of the emitted light beam of the re- 
spective wavelength can not be detected directly. 
Therefore, a preferable monitoring method in such a 
case will be explained with reference to Fig.33. 

The wavelength of the emitted light beam corre- 
sponding to the purposed composition is assumed as 
XO. If the composition of the oxide series single crystal 
pulled down from the drawing hole of the crucible meets 
the purposed composition, the intensity of the laser 
beam has the maximum value V at the wavelength X0. 
With the progress of the production, the peak wave- 
length X0 is shifted little to X4 or X5 as described above. 
Accompanying to such a shifting, the curve W is dis- 
placed little to the direction of right or left to become the 
curve 2 or the curve S. 

However, the shifting of the maximum value is tittle, 
and moreover the shape of the whole curve has usually 
a very small inclination at around the maximum value. 
Therefore, it has been found out that, if the maximum 
value of the curve is displaced little, the variation of the 
emitted light beam at the peak wavelength X0 becomes 
further small, so that the detection of the variation in the 
composition is practically impossible. 

Thus, the oxide series single crystal was irradiated 
by a first laser beam having a wavelength 2X7 larger 
than a wavelength 2X0 and a second laser beam having 



a wavelength 2X6 smaller than a wavelength 2X0, and 
the intensity of the respective emitted light beam corre- 
sponding to these first and second laser beams were 
measured by a light beam receiving device. 

5 As a result, if the composition of the oxide series 

single crystal pulled down from the drawing hole of the 
crucible meets the purposed composition, the emitted 
light beam has an intensity p 0 at the wavelength X6 and 
an intensity q 0 at the wavelength X7. With the progress 

10 of the production, if the peak value X0 is shifted to the 
direction of X5, the curve W is displaced to the right to 
become a curve Z. At this time, the emitted light beam 
has a decreased intensity p-, at the wavelength X6 which 
is a smaller value than p 0 . Meanwhile : the emitted light 

is beam has an increased intensity q^ at the wavelength 
X7 which is a larger value than q 0 . In contrast, if the peak 
value AD is displaced to the direction of A4, the curve W 
is displaced to the left to become a curve S. At this time, 
the emitted light beam has a increased intensity p 2 at 

20 the wavelength A6 which is a larger value than p 0 . Mean- 
while, the emitted light beam has an decreased intensity 
q 2 at the wavelength X7 which is a smaller value than e^. 

In this way, the increasement and the decrease- 
ment of the intensity occurs as a pair at the both wave- 

25 length sides of the curve, so that an extremely good sen- 
sibility against a variation in the composition can be ob- 
tained. Moreover, if the emitted light beams are meas- 
ured at selected wavelengths which are outside of the 
peak wavelengths X0, A4 and XS while avoiding the peak 

30 wavelengths AO, A4 and AS, the relatively large inclined 
portions of the curve can be utilized, sothat a particularly 
sharp sensibility can be obtained also from this point of 
aspect. 

In the aforedescribed method, the first and second 

35 laser beams may simultaneously be used to irradiate the 
single crystal. Alternatively, a laser device capable of 
varying the wavelength may be used to sequentially ir- 
radiate the single crystal two times using laser beams 
of two types of wavelength. 

40 In the present invention, preferably the size of the 
cross-section of the oxide series single crystal is meas- 
ured by an optical sensor. In growing the single crystal, 
the shape of the cross-section is usually controlled to a 
constant and the precision ol the control can be im- 

45 proved by measuring the size precisely and cancelling 
the variation in the light beams-permeating thickness. 

Next, preferable embodiments of the present inven- 
tion will be explained in more detail. The inventors have 
made researches on using enlarged crucibles in an ef- 

50 fort of establishing a mass production technique by \x 
pulling down process of pulling down the oxide series 
single crystal and tried in this process to use an enlarged 
crucible having a nozzle portion extending downwardly 
from the crucible and a single crystal growing section 

55 arranged at the lower end of the nozzle portion to control 
the temperatures of the crucible and the single crystal 
growing section independently from each other. 

As a result, the inventors have found out that the 
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oxide series single crystal could easily be drawn down 
continuously even when a large amount of the raw ma- 
terial powder of more than 5 g was melted in the melting 
crucible of an enlarged capacity meeting the increased 
amount of the raw material powder. 

A reason why such a function and effect were ob- 
tained is presumed that the single crystal growing sec- 
tion became difficult to directly receive the influence of 
the heat generated by the melt in the crucible by the pro- 
vision of the single crystal growing section at the lower 
end of the nozzle portion, and simultaneously that the 
temperature gradient at the neighborhood of the single 
crystal growing section could be made large by sepa- 
rately controlling the temperature of the crucible and the 
temperature of the single crystal growing section and or 
the nozzle portion. 

Moreover, the inventors have found out that, ac- 
cording to this method, the variations in the composition 
of the KLN single crystal fiber could be reduced to a sur- 
prisingly high precision of not more than 0.01 mol %, 
even when the amount of the raw material powder melt- 
ed in the crucible was increased to an amount of around 
30-50g. Therefore, the oxide series single crystal of 
such an extremely high precision can be mass produced 
by combining the producing method and the present in- 
vention. 

In addition, the inventors have made researches on 
the state of the melt in the single crystal growing section 
and the physical properties of the single crystal. As a 
result, the inventors have found out that a good oxide 
series single crystal of a very few variation in the com- 
position could be pulled down continuously in case 
when the surface tension is dominant than the gravity 
in the environment of the single crystal growing section. 
This is considered presumably due to a reason that a 
good meniscus was formed thereby 

In this way, in order to create a condition that the 
surface tension is more dominant than the gravity in the 
single crystal growing section, the provision of a mech- 
anism in the crucible of decreasing the gravity acting on 
the melt in the nozzle portion is effective. The inventors 
have made researches on such a mechanism to find out 
that, by decreasing the inner diameter of the nozzle por- 
tion to not more than 0.5 mm, the condition that the sur- 
face tension is dominant than the gravity acting on the 
melt can be created in the nozzle portion to form a uni- 
form meniscus at the distal end opening of the nozzle 
portion. 

However, if the inner diameter of the nozzle portion 
is less than 0.01 mm, the growing speed of the single 
crystal becomes too slow, so that the inner diameter is 
preferably not less than 0.01 mm from the view point of 
mass production. An optimum inner diameter of the noz- 
zle portion is in a range of 0.01-0.5 mm and varies a little 
depending on the viscosity, the surface tension and the 
specific gravity of the melt, and the growing speed of the 
single crystal, etc. 

In addition, the inventors have made researches on 



this point to obtain the following finding. That is, in the 
conventional p pulling down process presumably the 
single crystal fiber could have been pulled down contin- 
uously by virtue of the small scale of the crucible, and 
5 this is presumably because the amount of the melt in 
the crucible was small and the melt adhered on the inner 
wall of the crucible by its surface tension to relatively 
reduce the gravity acting on the drawing hole so that a 
meniscus which is uniform to a certain extent could be 
to formed. However, when a crucible of an enlarged size 
was used, such condition that the surface tension was 
dominant at around the drawing hole was lost. 

Moreover, in this method, the temperature gradient 
viewed in the longitudinal direction of the nozzle portion 
15 can easily be made large at the neighbourhood of the 
single crystal growing section thereby to quench the 
melt flowed down in the nozzle portion. 

Therefore, the method is particularly suitable for 
producing the single crystal of a solid solution state. The 
20 single crystal of a solid solution slate has a properly that 
the proportion of its composition is varied in an eqiliblium 
condition. When the conventional \i pulling down proc- 
ess was used for producing the single crystal of a solid 
solution state, the melt was in the eqiliblium condition at 
the drawing hole, so that the composition of the solid 
solution could have been varied by a slight change of 
the temperature and the speed of the solidification due 
to such a property. In contrast, according to the present 
method and apparatus, the quenching of the single crys- 
30 tal of a solid solution is possible at the neighbourhood 
of the single crystal growing section, so that the compo- 
sition of the melt can be retained. 

Illustrative examples of such an oxide series single 
crystal of a solid solution state are, for example, Mn-Zn 
35 ferrite, tungsten bronze structures around 
B ai . x Sr x Nb 2 0 6 , KLN, KLTN[K 3 Li 2 . 2 y(Ta y Nb 1 _ y ) 5+x ] 
0 15+x , etc. 

When the raw material powder is supplied to the 
crucible, the thermal state in the crucible is varied due 
40 to the heat of solution of the raw material thereby to 
cause variations in the composition of the single crystal 
to occur. However, if the nozzle portion is provided be- 
low the crucible as described above, the raw material 
can be supplied to the crucible continuously or intermit- 
4S tently. This is because, if the aforedescribed thermal 
variation is occurred in the crucible, it affects few thermal 
influence over the single crystal growing section, and 
the single crystal growing section is not in an equilibrium 
state but in a kinetic theory state so that the single crys- 
so tal growing section is further not affected by the influ- 
ence of the thermal variations. 

In the present invention, heating method of the cru- 
cible is not particularly limited. However, the heating fur- 
nace is preferably arranged to surround the single crys- 
55 tal growing device. At that time, preferably the heating 
furnace is divided into an upper furnace and a lower fur- 
nace, the crucible is surrounded by the upper furnace 
and the upper furnace is heat-generated to a relalively 
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high temperature to assist the melting ol the material 
powder in the crucible. Meanwhile, preferably the lower 
furnace is arranged around the nozzle portion and heat- 
ed to a relatively lower temperature to make the temper- 
ature gradient large in the single crystal growing section s 
at the lower end of the nozzle portion. 

In addition, in order to improve the efficiency of melt- 
ing the raw material powder in the crucible, preferably 
the crucible per se is made of an electrically conductive 
material and heated by the supply of electric power io 
thereto rather than by heating the crucible solely by the 
heating furnace. In addition, in order to retain the melted 
state of the melt flowing in the nozzle portion, preferably 
the nozzle portion is made of an electrically conductive 
material and heat-generated by supplying electric pow- is 
er thereto. 

Particularly, in order to enlarge the temperature gra- 
dient in the single crystal growing section, preferably the 
electric power supplying mechanism to the crucible and 
the electric power supplying mechanism lo the nozzle 20 
portion are separated from each other so that they can 
be controlled independently. 

As such an electricalty conductive material, plati- 
num, platinum-gold alloys, platinum-rhodium alloys, 
platinum-iridium alloys, and iridium are preferable par- 2s 
ticularly from the aspect of the corrosion resistant prop- 
erty. 

However, platinum and the like electrically conduc- 
tive material have respectively a relatively low resistivity, 
so that the thickness of the nozzle portion has to be 30 
made small to make its resistivity larger than a certain 
extent in order to effectively heat it by supplying an elec- 
tric power thereto. For example, if the nozzle portion is 
made of platinum, it had to be made of a thin film of a 
thickness of around 100-200 u.m. However, if the nozzle 35 
portion is made of such a thin film, the nozzle portion 
becomes weak in structure and is easily deformed, so 
that the stable production of the single crystal is likely 
obstructed. 

So, in order to effectively heat the nozzle portion, a 40 
heat-generating resistive member may be provided 
around the nozzle portion and heat-generated by sup- 
plying electric power thereto. In such a case, the nozzle 
portion may be made of a corrosion-resistant material 
as described above and heat-generated by supplying 45 
electric power thereto or it may not be supplied by elec- 
tric power. By affording a principal heating function to 
the heat-generating resislive member surrounding the 
nozzle portion in this way, the load of heat-generation 
required to the nozzle portion becomes small, and the 50 
nozzle portion may not necessarily be heat-generated. 
Thus, the nozzle portion can have a larger thickness of 
e.g. not less than 300 u.m to achieve an improved me- 
chanical strength, so that it may suit to the mass pro- 
duction, ss 

The present invention is also satisfactorily applica- 
ble not only to the production of the single crystal fiber 
but also to the production of the single crystal plate. Con- 



crete method of forming the plate will be explained be- 
low. 

The property of the KLN single crystal were de- 
scribed above. 

Fig. 34 is a schematic cross-sectional view of an 
embodiment of the fourth aspect of the present invention 
showing a producing apparatus for growing the single 
crystal, and Figs. 3 (a) and 3 (b) are schematic cross- 
sectional views thereol for explaining the distal end por- 
tion of the nozzle portion. 

The crucible 20 is disposed in the interior of the fur- 
nace body. The upper furnace 2 is arranged to surround 
the crucible 20 and its upper space 10 and has the heat- 
er 4A embedded therein. The nozzle portion 25 extends 
downwardly from the lower end of the crucible 20 and 
has the open ing 25a at the lower end. The lower fu mace 
3 is arranged to surround the nozzle portion 25 and its 
surrounding space 1 8 and has the heater 4B embedded 
therein. Of course the shape per se of such a heating 
furnace maybe changed variously. For example, though 
the heating furnace was divided into two heating zones 
in Fig. 34, the heating furnace may be divided into at 
least three heating zones. The crucible 20 and the noz- 
zle portion 25 are respectively made of a corrosion-re- 
sistant electrically conductive material. 

An electrode of the electric power source 22A is 
connected to a portion B of the crucible 20 through a 
leading wire 68 and the other electrode of the power 
source 22A is connected to a lower bent edge portion C 
of the crucible 20. An electrode of the electric power 
source 22B is connected to a portion D of the nozzle 
portion 25 through a leading wire 68 and the other elec- 
trode of the power source 22B is connected to a lower 
end E of the nozzle portion 25. These electric power 
supplying mechanisms are separated from each other 
and constructed to control its voltage independently. 

In addition, the after-heater 66 is arranged in the 
space 18 to surround the nozzle portion 25 with a spac- 
ing. The intake tube 23 extends upwardly in the crucible 
20 and has the intake hole 24 at the upper end. The 
intake hole 24 is a little protruded from the bottom of the 
melt 21. 

The intake hole 24 may be arranged at the bottom 
of the crucible 20 such that it does not protrude from the 
bottom of the crucible 20. In such a case, the intake tube 
23 is not arranged. However, if the crucible 20 is used 
for a prolonged period of time, the impurities in the melt 
are occasionally gradually accumulated at the bottom of 
the crucible 20. By providing the intake hole 24 at the 
upper end of the intake tube 23 as in the present inven- 
tion, the impurities accumulated at the bottom of the cru- 
cible 20 are hardly introduced in the intake hole 24, be- 
cause the intake tube 23 is protruded from the bottom 
of the crucible 20. 

The temperature distributions in the spaces 10, 18 
are suitably determined by the heat-generation of the 
upper and lower furnaces 2 and 3, the raw material is 
fed in the melting crucible 20, and the melting crucible 
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20 and the nozzle portion 25 are heat-generated by sup- 
plying eledric power thereto. At this state, the melt 21 
is slightly protruded downwardly from the opening 25a 
in the single crystal growing section 26 existing at the 
lower end of of the nozzle portion 25 and retained by its s 
surface tension to form a relatively flat surface 29. 

The gravity acting on the melt in the crucible 20 is 
largely decreased by the contact of the melt with the in- 
ner wall surface of the nozzle portion 25. Particularly, by 
using the nozzle portion 25 of an inner diameter of not to 
more than 0.5 mm, a uniform meniscus could be formed. 

At this state, the seed crystal 27 is moved upwardly 
to contact its upper end surface 27a with the lower end 
surface 29 of the melt 21 . Then, the seed crystal 27 is 
pulled downwardly as shown in Fig. 3 (b). At that time, is 
a uniform meniscus 30 is formed between the upper end 
of the seed crystal 27 and the lower end surface 29 of 
the melt 21 drawn downwardly from the nozzle portion 
25. 

As a result, a single crystal fiber 12 is continuously 2° 
formed on the seed crystal 27 and pulled downwardly. 
In this embodiment, the single crystal fiber 12 is pulled 
down by the driven rollers 67. 

Meanwhile, in case if the amount of the material 
powder supplied to the conventional crucible is in- 25 
creased, an expanded portion of the melt is formed 
downwardly from the drawing hole of the crucible. If the 
upper end surface 27a of the seed crystal 27 is contact- 
ed to the melt 21 at this state, a good meniscus is not 
formed. 30 

If the single crystal fiber is continuously pulled 
downwardly the single crystal fiber 12 is irradiated by a 
laser beam of a wavelength of around 2X0 from a laser 
beam source 136 as shown by the arrow 139 and the 
emitted light beam 141 of a wavelength of around X0 35 
from the single crystal fiber 1 2 by second harmonic gen- 
eration is received by a light beam-receiving device 
1 37C through a long wavelength cut filter 142 to meas- 
ure the intensity thereof. A signal from the light beam- 
receiving device 1 37C is transmitted to a controlling de- 40 
vice 144 through a signal wire 143 and treated therein 
to control the proportion of the composition of the raw 
material to be charged in the crucible 20 from an upper 
raw material feeding device 145. If the measured inten- 
sity of the emitted light beam is varied from the purposed 45 
value, a signal for changing the proportion of the com- 
position of the raw material is transmitted from the con- 
trolling device 144 to the feeding device 145 to attain a 
feed back. 

In order to control more precisely, reflecting mirrors so 
139, 140 and light beam-receiving devices 137A, 137B 
may be combined to transmit respective signal as to a 
portion of a long wavelength of around 2X0 to the con- 
trolling device 144 through the signal wire 143. 

Hereinafter, more concrete experimental results will ss 
be described. 



Example 16 

Using the single crystal producing apparatus shown 
in Fig. 34, a KLN single crystal fiber was produced ac- 
cording to the present invention. The temperatures in 
the whole furnace were controlled by means of the up- 
per furnace 2 and the lower furnace 3. The temperature 
gradient in the neighbourhood of the single crystal grow- 
ing section was controlled by the supply of electric pow- 
er to the nozzle portion 25 and heat -generation of the 
after-heater 66. For pulling down the single crystal fiber 
a mechanism was used which pulls the single crystal 
fiber downwardly at a controlled uniform pulling rate in 
a range of 2-100 mm/hr in the vertical direction. As the 
laser beam source 136, a tunable titanium sapphire la- 
ser beam source was used which can generate the laser 
beam in a wavelength range of 780-900 nm. 

Potassium carbonate, lithium carbonate and nio- 
bium oxide were reciped in a mol ratio of 30 : 20 : 50 to 
prepare a raw material powder. Around 50 g of the ma- 
terial powder were fed in the melting crucible 20 made 
of platinum and the melting crucible 20 was set at a de- 
sired position in the furnace. The temperature in the 
space 10 of the upper furnace 2 was adjusted to a tem- 
perature of 1,1 00-1, 200°C to melt the raw material in 
the crucible 20. The temperature in the space 18 of the 
lower furnace 3 was uniformly controlled to a tempera- 
ture of 500-1 ,000°C. Desired electric powers were sup- 
plied to the melting crucible 20, the nozzle portion 25 
and the after-heater 66 to perform the growing of the 
single crystal. At that time, the single crystal growing 
section could be controlled to a temperature of 
1,050-1,150 °C and to a temperature gradient of 
10-50°C/mm. 

The nozzle portion 25 had an outer and inner cross- 
sections of circular shapes and an outer diameter of 1 
mm, an inner diameter of 0. 1 mm and a length of 20 mm. 
The melting crucible 20 had a circular shape in plan view 
and a diameter of 30 mm and a height of 30 mm. At this 
state, the single crystal fiber was pulled downwardly at 
a pulling rate of 20 mm/hr. 

Simultaneously, the single crystal fiber was irradiat- 
ed by a laser beam of nearly a purposed phase matched 
wavelength of 850 nm from a titanium sapphire laser 
beam source and the light beam emitted therefrom was 
analyzed by a spectrum analyzer. As the raw material, 
powders of the following two types of composition were 
used. 

Powder 1 : K 3 1 Li 2 Nb s O 
Powder 1 : K 2 9 Li 2 Nb s O 

Initially, the powder 1 and the powder 2 were mixed 
in a ratio of 1 : 1 and the mixture was charged in the 
crucible. Then the amount of the powder 1 in the mixture 
was increased, if the peak wavelength of the emitted 
light beam is moved to a longer direction, while the 
amount of the powder 2 in the mixture was increased, if 
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the peak wavelength of the emitted light beam is moved 
to a shorter direction. 

In this way, a single crystal fiber of a longitudinal 
and lateral size ol 1 mm x 1 mm and a length of 100 mm 
was continuously grown, while controlling the mixing 
proportion of the raw material. As a result, the single 
crystal fiber could emit a light beam of a phase matched 
wavelength with a small error of not more than 0.2 nm, 
so that the composition of the single crystal liber could 
be controlled with a small error of not more than 0.01 
mol%, which is a much high precision never before at- 
tained by a KLN single crystal. 

Example 17 

In the same manner as in Example 1 6, a KLN single 
crystal fiber was produced except that a severing device 
tor intermittenlly severing the single crystal fiber to a de- 
sired length was arranged below the furnace for contin- 
uously growing the single crystal fiber. With the progress 
of the growing of the single crystal fiber, the raw material 
powder was periodically fed in the melting crucible in an 
amount corresponding to the amounts of the compo- 
nents drawn and evaporated from the melting crucible 
20. At that time , the mixing proportion of the raw material 
powders was determined as described above. 

In this way, a single crystal fiber of a length of 
around 10 m was continuously formed and the phase 
matched wavelength of the light beam emitted from the 
single crystal fiber could be controlled with an error of 
not more than 0.2 nm, namely, the variation in the com- 
position thereof could be controlled with an error ol not 
more than 0.01 mol%. 

Example 18 

Using the aforedescribed nozzle portion 25 and an 
elongated shape for the nozzle portion 25, the inventors 
could succeed to pull down a KLN single crystal plate of 
a thickness of 0.3 mm. 

In this case, the charge of the raw material powder 
was controlled by observing changes of emitted light 
beams from two types of semiconductor laser. A laser 
beam source 147A which generates a laser beam of a 
wavelength of 2X6 (848 nm, namely, 424 nm x 2) against 
the purposed wavelength X0 (425 nm), and a laser beam 
source 147B which generates a laser beam of a wave- 
length of 2X7 (852 nm, namely, 426 nm x 2) were pre- 
pared. Light beam-receiving devices 148A, 148B which 
respectively corresponds to the respective laser beam 
source were disposed at the opposing positions to the 
laser beam sources so as to sandwich a single crystal 
plate 146 therebetween as shown in Fig. 35. 

Even if the wavelength of the purposed wavelength 
X0 varies 0.2 nm from the wavelength 425 nm by the 
variation in the composition of the single crystal, the in- 
tensity of the emitted light beam changes and the output 
from the light receiving devices 148A, 148B changes. 



Therefore, the changes ol the outputs were transmitted 
to a controlling device 149 and feed backed to control 
the mixing proportion of the raw material powder 
through the controlling device 1 44 thereby to control the 

s growing of the single crystal. Because the phase 
matched half width of the second harmonic wave chang- 
es depending on the thickness and the quality of the sin- 
gle crystal, the wavelength of the laser, beam from the 
laser beam source has to be selected. Because the KLN 

10 single crystal has a theoretical width of 3.5 nm at a thick- 
ness of 0.3 mm, the aforedescribed 2X6 and 2X1 were 
selected. In case if the KLN single crystal has a thick- 
ness of 0.6 mm, 2X6 (849 nm, namely, 424.5 nm x 2) 
and 2X7 (851 nm, namely, 425.5 nm x 2) may be used 

is for the controlling. 

Of course, by such a controlling method, the mixing 
proportion of the raw material powder may be controlled 
by feed backing also in the case of the single crystal 
fiber. 

20 Although the present invention was explained with 

reference to specific preferable embodiments in the 
foregoing descriptions, it should be understood that the 
specific descriptions are merely for illustration but not 
for limiting the present invention, and the present inven- 
ts tion can be put into practice by another ways without 
departing from the broad spirit and scope of the present 
invention as defined in the appended claims. 



30 Claims 

1. A process for continuously producing a single crys- 
tal by drawing downwardly a melt of a single crystal 
raw material, wherein a single crystal body grown 
35 from the melt is continuously moved downwardly, 
and a plurality of single crystal products are contin- 
uously formed by intermittently cutting the single 
crystal body being downwardly moved. 

40 2. A single crystal product-producing apparatus, com- 
prising a single crystal -growing device in which a 
melt of a single crystal raw material is placed and a 
single crystal body is grown by drawing down the 
melt, a moving device lor continuously pulling 

45 downwardly the grown single crystal body, and a 
cutter for intermittently cutting the single crystal 
body being downwardly moved to continuously pro- 
duce a plurality of single crystal products. 

so 3. The single crystal product-producing apparatus ac- 
cording to Claim 2, wherein said moving device 
comprises a pair of rotary bodies for sandwiching 
the single crystal body therebetween, and a driving 
device for rotating the rotary bodies, the single crys- 

55 tal body being continuously downwardly pulled by 
rotating the rotary bodies in a state such that the 
single crystal body is sandwiched between a pair of 
the rotary bodies. 
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4. The single crystal-producing apparatus according 
to Claim 2, wherein said single crystal-moving de- 
vice comprises a plurality of holders for grasping the 
single crystal body, and a driving device for vertical- 
ly moving the holders, wherein the single crystal s 
body is grasped by one holder and this holder is 
downwardly moved in a state such that the single 
crystal body is grasped by this holder, the single 
crystal body is then grasped by the other holder and 
this other holder is downwardly moved in a state 10 
such that the single crystal body is then grasped by 
the other holder, and these steps are repeated to 
downwardly pull the single crystal body. 

5. The single crystal-producing apparatus claimed in is 
any one of Claim 2, wherein said cutter comprises 

a heating wire, and is adapted to the single crystal 
body through fusing it by making a heating wire gen- 
erate heal. 

20 

6. The single crystal -producing apparatus claimed in 
any one of Claims 2 to 4, wherein said cutter com- 
prises a laser beam irradiator, and the single crystal 
body is cut by fusing it through irradiating a laser 
beam upon the single crystal body with the irradia- 25 
tor. 

7. The single crystal-producing apparatus claimed in 
any one of Claims 2 to 4, wherein said cutter com- 
prises a cutting member, and the single crystal body 30 
is cut by mechanically destructing a given portion 
thereof through pressing a cutting member against 

the single crystal body. 

8. The single crystal-producing apparatus claimed in 35 
any one of Claims 2 to 4, which further comprises 

a feeder for automatically supplementing a fresh 
single crystal raw material into the melt inside said 
crucible. 

40 

9. The single crystal -producing apparatus claimed in 
Claim 8, which lurther comprises a measuring de- 
vice for measuring the level of the melt in the cruci- 
ble, and a controller for maintaining the level of the 
melt in the crucible at a constant height by control- 45 
ling a feed rate of the single crystal raw material 
based on a signal from said measuring device. 

10. The single crystal-producing apparatus claimed in 
Claim 8, which further comprises a measuring de- so 
vice for measuring the weight of the melt, and a con- 
troller for controlling the feed rate of the single crys- 
tal raw material based on a signal from the meas- 
uring device so that the weight of the melt inside the 
crucible may be kept in a given range. ss 

11. The single crystal-producing apparatus claimed in 
Claim 2, which further comprises an observing de- 



vice for observing the shape of the single crystal 
body, and a shape controller for controlling the 
shape of the single crystal body based on informa- 
tion from the observing device, 

12. The single crystal- producing apparatus claimed in 
Claim 2, which further comprises an observing de- 
vice for observing the material quality of the single 
crystal, and a quality controller for controlling the 
material quality of the single crystal body based on 
information from the observing device. 

13. The single crystal-producing apparatus claimed in 
Claim 2, which further comprises a transfer device 
for automatically arraying cut single crystal prod- 
ucts and transferring them. 

14. The single crystal-producing apparatus claimed in 
Claim 2, wherein a plurality of single crystal-drawing 
passages are provided in said single crystal-grow- 
ing device. 

15. The single crystal-producing apparatus claimed in 
Claim 2, which further comprises a nozzle portion 
extended downwardly from the crucible, a single 
crystal-growing section provided at a lower end of 
the nozzle portion, and a mechanism for independ- 
ently controlling the temperature of the crucible and 
that of the single crystal-growing section, wherein 
an oxide-series single crystal raw material is melted 
inside the crucible, a seed crystal is brought into 
contact with the melt, and the oxide-series single 
crystal is grown, while the melt is being downwardly 
drawn. 

16. The single crystal-producing apparatus claimed in 
Claim 2, comprising a melting crucible for melting a 
single crystal raw material and provided with an 
opening, a single crystal -growing crucible having a 
volume smaller than that of the melting crucible, and 
the raw material is once melted in the melting cru- 
cible and continuously fed to the single crystal- 
growing crucible through said opening. 

17. The single crystal-producing apparatus claimed in 
Claim 2, which further comprises a raw material 
feeder for feeding the raw material to the crucible, 
a laser beam source for irradiating the laser beam 
upon the oxide-series single crystal body, a meas- 
uring device for measuring an output light beam 
from the oxide-series single crystal body, and a con- 
troller for controlling a composition ratio of the raw 
material to be fed to the crucible based on an output 
signal from the measuring device. 

18. An oxide-series single crystal producing process 
comprising the steps of initially charging a raw ma- 
terial for the oxide-series single crystal in a crucible, 
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melting the raw material in the crucible, bringing a 
seed crystal into contact with the rnelt : and growing 
an oxide-series single crystal body, while the melt 
is being downwardly drawn, wherein said process 
is carried out by using a producing apparatus in- 
cluding the crucible, a nozzle portion extended 
downwardly from the crucible, and a downwardly di- 
rected single crystal-growing section at a distal end 
of the nozzle portion, and a temperature of the cru- 
cible and that of the single crystal-growing section 
are independently controlled. 

19. The oxide-series single crystal producing process 
claimed in Claim 18, further comprising a step of 
continuously or intermittently feeding the raw mate- 
rial in the crucible after the initial charging of the raw 
material. 

20. The oxide-series single crystal producing process 
claimed in Claim 18, wherein a surface tension is 
more dominant than a gravity with respect to the 
melt in the single crystal-growing section. 

21. The oxide-series single crystal producing process 
claimed in Claim 18, 19 or 20, wherein said nozzle 
portion is extended downwardly from the crucible, 
and the single crystal-growing section is provided 
in a lower end portion of the nozzle portion. 

22. The oxide-series single crystal producing process 
claimed in Claim 18, 19 or 20, wherein said nozzle 
portion is provided at a side face of the crucible, and 
a part of the nozzle portion is laid above a jointed 
portion between the crucible and the nozzle portion. 

23. The oxide-series single crystal producing process 
claimed in Claim 22, wherein if a height of the nozzle 
portion is taken as "zero", a surface level of the melt 
inside the crucible is not less than -10 mm but not 
more than 50 mm. 

24. The oxide-series single crystal producing process 
claimed in any one of Claims 18-23 , wherein while 
a fresh single crystal raw material is periodically or 
continuously ted into the crucible, the melt is being 
drawn downwardly, and thereby the oxide-series 
single crystal body is continuously grown. 

25. The oxide-series single crystal producing process 
claimed in any one of Claims 18-24 , wherein said 
oxide-series single crystal body has a planar shape, 
a distal end face of said nozzle portion has a flat 
surface having shape corresponding to a cross sec- 
tional shape of the planar single crystal body, plural 
rows of melt flow passages are formed in the nozzle 
portion and opened to said flat surface of the distal 
end face thereof, the melt is simultaneously drawn 
downwardly through said melt flow passages, and 



the melts thus drawn downwardly through the re- 
spective melt flow passages are integrally com- 
bined together along said flat surface to form said 
planar single crystal body. 

5 

26. The oxide-series single crystal producing process 
claimed in any one of Claims 18-25, wherein said 
oxide-series single crystal body is a single crystal 
body having a solid-solution composition. 

10 

27. The oxide-series single crystal producing process 
claimed in any one of Claims 18-25, wherein said 
oxide-series single crystal body is a single crystal 
body having segregation. 

15 

28. The oxide-series single crystal producing process 
claimed in Claim 19, wherein a laser beam is irra- 
diated upon the oxide-series single crystal body, an 
output light beam from the oxide-series single crys- 

20 tal body is measured, and a composition ratio of the 
raw material to be fed to the crucible is controlled 
based on the resulting measuremental result. 

29. An oxide-series single crystal-producing apparatus 
25 comprising a crucible, a nozzle portion extending 

from said crucible, a single crystal-growing section 
provided at a lower end of the nozzle portion, and 
a heating mechanism for independently controlling 
a temperature of the crucible and that of the single 
30 crystal-growing section, wherein a raw material for 
the oxide-series single crystal is melted in the cru- 
cible, a seed crystal is contacted with the melt in the 
crucible, and the oxide-series single crystal body is 
grown, while the melt is being downwardly drawn. 

35 

30. The oxide-series single crystal-producing appara- 
tus claimed in Claim 29, wherein said nozzle portion 
is provided at a side face of the crucible, a part of 
the nozzle portion is extended higher than a joint 

40 portion between the crucible and the nozzle portion. 

31. The oxide-series single crystal-producing appara- 
tus claimed in Claim 30, which further includes a 
melting furnace in which said crucible is placed, a 

45 growing lurnace in which said single crystal-grow- 
ing section is provided, and in which a heat-insulat- 
ing wall is provided for adiabatically separating said 
melting furnace from said growing furnace, and said 
nozzle portion is inserted into a through-hole pro- 

so vided in said heat-insulating wall. 

32. The oxide-series single crystal-producing appara- 
tus claimed in any one of Claims 29-31 , wherein an 
inner diameter of said nozzle portion is not more 

55 than 0.5 mm. 

33. The oxide-series single crystal-producing appara- 
tus claimed in any one of Claims 29-31, wherein 
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each of said crucible and said nozzle portion is 
made of a conductive material, said apparatus fur- 
ther includes a first radio frequency induction heat- 
ing mechanism for induction heating the crucible, a 
second radio frequency induction heating mecha- 
nism for induction heating the nozzle portion, and 
said first radio frequency induction heating mecha- 
nism is separated from the second one. 

34. The oxide-series single crystal-producing appara- 
tus claimed in Claim 33, wherein said first nozzle 
portion is an alternating current power source. 

35. The oxide-series single crystal-producing appara- 
tus claimed in Claim 39-31 , which further comprises 
a radio frequency heating mechanism for making 
the nozzle portion generate heat through radio fre- 
quency induction. 

36. The oxide-series single crystal-producing appara- 
tus claimed in any one of Claims 29-31, wherein 
said crucible is made of a conductive material, a 
heat-generating resistive member is arranged to 
surround the nozzle portion, said apparatus further 
includes a first current-passing mechanism for ap- 
plying electric power to the crucible to make the cru- 
cible generate heat, a second current-passing 
mechanism for applying electric power to the heat- 
generating resistive member to make the heat-gen- 
erating resistive member generate heat, and said 
first current-passing mechanism is separated from 
the second one. 

37. The oxide-series single crystal-producing appara- 
tus claimed in any one of Claims 29-31, wherein 
said nozzle portion is constituted by a pair of joined 
corrosion-resistive members, a groove is provided 
at an opposed surface of at least one of said joined 
corrosion-resistive material, and said groove forms 
a melt flow passage. 

38. The oxide-series single crystal-producing appara- 
tus claimed in any one of Claims 29-31, wherein 
said oxide-series single crystal body has a planar 
shape, a distal end face of said nozzle portion has 
a flat surface having shape corresponding to a 
cross sectional shape of the planar single crystal 
body, plural rows of melt flow passages are formed 
in the nozzle portion and opened to said flat surface 
of the tip end face thereof, the melt is simultaneous- 
ly drawn downwardly through said melt flow pas- 
sages, and the melts thus drawn downwardly 
through the respective melt flow passages are inte- 
grally combined together along said flat surface to 
form said planar single crystal body. 

39. The oxide-series single crystal-producing appara- 
tus claimed in Claim 29, which further comprises a 



raw material feeder for feeding the raw material to 
the crucible, a moving device for pulling down the 
oxide-series single crystal body from the crucible, 
a laser beam source for irradiating the laser beam 

5 upon the oxide-series single crystal body, a meas- 

uring device for measuring an output light beam 
from the oxide-series single crystal body, and a con- 
troller for controlling a composition ratio of the raw 
material to be fed to the crucible based on an output 

10 signal from the measuring device. 

40. An oxide-series single crystal-producing process 
comprising the steps of melting a raw material for 
an oxide series single crystal in a melting crucible; 

is continuously feeding the melt of the raw material to 
a single crystal-growing crucible having a volume 
smaller than that of the melting crucible through an 
opening provided in the melting crucible; contacting 
a seed crystal to the melt at a drawing hole provided 

20 al the single crystal-growing crucible; and growing 
an oxide-series single crystal body, while drawing 
the melt downwardly. 

41. The oxide-series single crystal-producing process 
25 claimed in Claim 40, wherein a surface tension is 

more dominant than the gravity acting on to the melt 
in the single crystal-growing section. 

42. The oxide-series single crystal producing process 
30 claimed in any one of Claims 40 or 41 , wherein 

while a fresh single crystal raw material is periodi- 
cally or continuously fed into the crucible, the melt 
is being drawn downwardly, and thereby the oxide- 
series single crystal body is continuously grown. 

35 

43. The oxide-series single crystal producing process 
claimed in any one of Claims 40-42, wherein said 
oxide-series single crystal body is a solid-soluted 
single crystal body having a solid-solution compo- 

^0 sition. 

44. The oxide-series single crystal producing process 
claimed in any one of Claims 40-42, wherein said 
oxide-series single crystal body is a single crystal 

45 body having segregation. 

45. The oxide-series single crystal producing process 
claimed in Claim 40, wherein a laser beam is irra- 
diated upon the oxide-series single crystal body, an 

so output light beam from the oxide-series single crys- 

tal body is measured, and a composition ratio of the 
raw material to be fed to the crucible is controlled 
based on the resulting measuremental result. 

55 46. An oxide-series single crystal-producing apparatus 
comprising a melting crucible adapted for melting a 
raw material for an oxide-series single crystal and 
having an opening, and a single crystal -growing 
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crucible having a volume smaller than that ot the 
melting crucible and provided with a drawing hole, 
wherein the raw material is once melted in the melt- 
ing crucible, and is continuously fed into the single 
crystal-growing crucible through said opening, a 
seed crystal is contacted with the melt at said draw- 
ing hole of the growing crucible, and the oxide-se- 
ries single crystal is grown, while the melt is being 
drawn downwardly through said opening. 

47. The oxide-series single crystal-producing appara- 
tus according to Claim 46, which further comprises 
a nozzle portion made of a conductive material and 
extending downwardly from the melting crucible, 
and an electric power feeding mechanism for apply- 
ing electric power to the nozzle portion to make the 
nozzle portion generate heat, said opening being 
provided at a lower end portion of said nozzle por- 
tion. 

48. The oxide-series single crystal-producing appara- 
tus according to Claim 46, which further comprises 
a nozzle portion extending downwardly from the 
melting crucible and having said opening at a lower 
portion thereof, a heat-generating resistive member 
arranged to surround said nozzle portion, and an 
electric power feeding mechanism for applying 
electric power to the heat-generating resistive 
member to make the heat-generating resistive 
member generate heat. 

49. The oxide-series single crystal-producing appara- 
tus according to Claim 46, which further comprises 
a nozzle portion extending downwardly from the 
melting crucible and having said opening at a lower 
end portion thereof, and a radio frequency induction 
heating mechanism for heating the nozzle portion 
through radio frequency induction. 

50. An oxide-series single crystal-producing apparatus 
claimed in Claim 46, which further comprises a raw 
material feeder for feeding the raw material to the 
crucible, a moving device for pulling down the ox- 
ide-series single crystal body from the crucible, a 
laser beam source 1or irradiating the laser beam up- 
on the oxide-series single crystal body, a measuring 
device for measuring an output light beam from the 
oxide-series single crystal body, and a controller for 
controlling a composition ratio of the raw material 
to be fed to the crucible based on an output signal 
from the measuring device. 

51. An oxide-series single crystal-producing process 
comprising the steps of feeding a raw material for 
an oxide-series single crystal into a crucible and 
melting the raw material in the crucible, contacting 
a seed crystal with the resulting melt, and growing 
an oxide-series single crystal body from the melt, 



wherein a laser beam is irradiated upon the oxide- 
series single crystal body, an output light beam from 
the oxide-series single crystal body is measured, 
and a composition ratio of the raw material to be fed 
5 to the crucible is controlled based on the resulting 

measuremental result. 

52. The oxide-series single crystal-producing process 
according to Claim 51 , wherein while the melt is be- 
io ing drawn downwardly from the crucible, said oxide- 
series single crystal body is grown, and said laser 
beam is irradiated upon the oxide-series single 
crystal body. 

is 53. The oxide-series single crystal-producing process 
according to Claim 51 or 52, wherein while said ox- 
ide-series single crystal body is an oxide-series sin- 
gle crystal body for a solid laser, said laser beam is 
irradiated upon said oxide-series single crystal, and 

20 a converted light beam in which a wavelength of 
said laser beam is converted. 

54. The oxide-series single crystal-producing process 
according to Claim 51 or 52, wherein said oxide- 
2S series single crystal has a second harmonic gener- 

ation effect, said laser beam is irradiated upon the 
oxide-series single crystal, and a double frequency 
wave of the laser beam is measured. 

30 55. The oxide-series single crystal-producing process 
according to Claim 51-54, wherein said laser beam 
has a wavelength range including a wavelength cor- 
responding to a target composition of said oxide- 
series single crystal body, and an output light beam 

35 from said oxide-series single crystal body is meas- 
ured by a spectrum analyzer. 

56. The oxide-series single crystal-producing process 
according to Claim 51 or 54, wherein a first laser 

40 beam having a wavelength greater than that corre- 
sponding to a target composition of said oxide-se- 
ries single crystal body and a second laser beam 
having a wavelength smaller than that correspond- 
ing to the target composition ot said oxide-series 

45 single crystal body are irradiated upon the oxide- 
series single crystal body, and an output light beam 
corresponding to said first laser beam and that cor- 
responding to said second laser beam are meas- 
ured. 

so 

57. The oxide-series single crystal-producing process 
according to Claim 51 or 56, wherein a cross sec- 
tional shape of the oxide-scries single crystal body 
is measured by an optical sensor. 

55 

58. The oxide-series single crystal-producing appara- 
tus, comprising a crucible, an oxide-series single 
crystal raw material feeder for feeding the raw ma- 
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terial to the crucible, a moving device for pulling 
downwardly the oxide-series single crystal body 
from the crucible, a laser beam source for irradiating 
a laser beam upon the oxide-series single crystal 
body, a measuring device for measuring an output s 
light beam from the oxide-series single crystal body, 
and a controller for controlling a composition ratio 
of the raw material to be fed to the crucible based 
on an output signal from the measuring device. 
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